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ABSTRACT 
 
	  	  	  	  	  	  	  	  	  	  The work presented in this dissertation is based on the studies of flame retardancy 
performance of various formulations consisting of brominated flame retardants (BFRs: Saytex 
8010 and Green Armor) and their synergist, antimony trioxide (Sb2O3) in high impact 
polystyrene (HIPS). Chemical flame retardants are incorporated in polymers to improve their 
flame inhibition for optimal applications in electrical and electronic devices, furniture, printers 
and more. These flame retardant polymer blends are studied using the Underwriters Laboratory 
vertical burn test (UL 94) and X-ray imaging techniques such as X-ray K-edge absorption 
tomography and X-ray grating interferometry.  
          The UL 94 burn test is initially performed to assess the flammability behavior of flame 
retardant samples before X-ray imaging methods of burnt and pristine polymer blends. Because 
the UL 94 test bars are formulated with varying concentrations of a brominated flame retardant 
(Saytex 8010® or Green Armor®) and a synergist, Sb2O3 into a high impact polystyrene (HIPS), 
samples pass or fail the UL 94 plastics flammability test based on the burn time and other 
factors. Then, the X-ray imaging techniques are used to reveal internal features for the flame 
retardant performance during the burn.  
          The Underwriters Laboratory 94 test bars are imaged with X-ray K-edge absorption 
tomography between 12 to 32 keV to assess the bromine and antimony concentration gradient 
across char layers of partially burnt samples. X-ray grating interferometry on partially burnt 
samples shows gas bubbles and dark-field scattering ascribed to residual blend inhomogeneity. 
In addition, X-ray single-shot grating interferometry is used to record X-ray movies of test 
samples during heating intended to mimic the UL 94 plastics flammability test. Key features 
such as char layer, gas bubble formation, micro-cracks, and dissolution of the flame retardant in 
	   ix	  
the char layer regions are used in understanding the efficiency of the flame retardant and 
synergist.  The samples that pass the UL 94 test have a thick, highly visible char layer, low 
bromine and antimony concentration in the char layer as well as an interior rich in gas bubbles. 
Growth of gas bubbles from flame retardant thermal decomposition is noted in the X-ray phase 
contrast movies. 
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CHAPTER 1. INTRODUCTION 
 
1.1 Applications of Polymers and Flame Retardants 
	  
     The way we live greatly depends on the contributions emerging from macromolecular 
science.1-6 Most aspects of our lives are greatly influenced by polymers.1 This will continue to 
have great impact on us due to continuous research in understanding the polymers and their 
applications.1 Polymeric materials emerge to have many indispensable applications in products 
essential for our daily lives. Some of the products are computer cases and monitors, carpets, copy 
machines, televisions, furniture foams, mattresses, appliances, electronics, vehicles, textiles, 
rubbers, plastics and many more.7-10 For instance, the United States uses a variety of synthetic 
rubbers called styrene-butadiene rubber (SBR).1 The United States consumes approximately a 
million tons of SBR per year.1 Life activities would be extremely difficult without polymer 
invention, Figure 1.1. 
 
Figure 1.1: Use of flame retardant in plastic material.11 
              As SBR is majorly consumed as one of crucial polymers, plastics and fibers also play a 
major role in influencing our lives. Americans consume nearly sixty (60) billion pounds of 
plastics per year.1, 12 Examples of versatile commercially used plastics include polyethylene, 
polypropylene, polystyrene and more.3 They are known to possess good mechanical properties.3, 
7, 13-15  
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Polyethylene Low cost, very good chemical resistance, excellent insulation 
properties, good toughness and flexibility, good 
processability, no odor or toxicity, reasonably low moisture 
permeability 
Polypropylene Low specific gravity, good strength, good chemical 
resistance, good stain resistance, good thermal stability  
Polystyrene Good mechanical properties, good rigidity, transparency, low 
price, good property to price ratio, good dimensional 
stability, good processability, good thermal insulation 
 
          They are found in applications for plastic bags, electrical insulation, bulletproof vests and 
textiles.1 As the advancement in technology continues; more and more polymeric materials will 
be produced to better our human existence. 
          Unfortunately, most polymeric materials are often intrinsically flammable despite their 
huge benefits, because they are hydrocarbon-based materials consisting mainly of carbon and 
hydrogen.7, 9, 10, 14-22 
          Combustion of polymers occurs in the presence of heat through the decomposition of solid 
polymeric materials into smaller fragments which are more volatile and combustible.7, 10 More 
heat is released during the combustion process, which further causes unburnt polymers to 
undergo pyrolysis to further the complex process.7, 10 The fire is extinguished if any of these 
components such as heat or substrate or oxygen essential for combustion is absent in the process. 
The diagram in Figure 1.2 shows the three essential components for combustion process to 
occur.23, 24 The fire statistics from 1980 to 2008 are shown in Table 1.210 reported fires; civilian 
deaths and injuries are reduced accordingly over the period.  
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Figure 1.2: The fire triangle of combustion in the presence of air (oxygen), substrate and heat.24 
           This is attributed to a lot of factors such as better education, fire building safety codes and 
standards, use of smoke alarms and more importantly, continuous research for further improving 
and discovering efficient flame retardants chemistry in potentially flammable materials.10 













Core cost of fire ($B  in 
2008 dollars) 
1980 3000000 6505 30200 138 98070 $74 
1990 2250000 5195 28600 108 100300 $86 
2000 1750000 4045 22350 103 84550 $102 
2008 1451500 3320 16705 105 79700 $138 
 
 
          On the other hand, the total cost for fire reduction increases over time, which might be due 
to better building protection and more.10 Continuous measures need to be in place for improving 
the properties of polymeric products for betterment of human lives.  
          There are three crucial approaches to solve this intrinsic polymer flammability problem for 
safety by enhancing their flame inhibition, such as engineering methods, use of inherently low 
flammable polymers, and flame retardant additives.10, 16  
          The engineering approach seems to be one of the cheapest to implement in protecting the 
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the polymer can lose adhesion or fall off, thereby, subjecting the polymer to risk of 
combustion.10 
          The use of inherently low flammable polymers is another way of improving the flame 
resistance of polymeric materials.10, 16 They are known for low flammability and are very 
efficient, but are limited to specific materials due to property requirements.16 They possess low 
fire hazard and respond well to minimize flame. They can also be processed in a variety of ways 
into products in aircraft, mass transport and maritime constructions. The high cost, aging and 
perhaps, the problem of recycling of these low-flammable polymers also limit their applications 
except in cases like military and aerospace where their uses are essential.10 
          The third is the approach of flame retardant additives, which is the most proven, 
commonly used and cost effective.7, 9, 10, 16, 20, 22, 25-31 The incorporation of flame retardant into 
polymer is relatively easy and a lot of research has been done on this subject.10, 16 Despite being 
the best approach for providing various additives that work so well, the approach still has 
drawbacks because some additives can leach into the environment, recycling issues and 
difficulty to get a balance in properties between the polymer and additives.10, 32-34  
          Nevertheless, this approach of flame retardants incorporated into flammable polymeric 
materials (thermoplastics/thermosets) is the best among others due to reasonable cost and 
properties.16 It allows flexible designs of materials for multifunctional properties.7, 10, 16 As a 
result, the incorporated flame retardants contribute immensely for reducing the dangers 
associated with fires in home, public and industrial sectors.  
          The use of flame retardants in plastics is demonstrated in the Figure 1.3 representing their fire-
retarding performance with 24 wt%, 3 wt% and 0 wt% of flame retardant in plastic rods.11 It is found 
that the plastic rod without flame retardant is completely burnt. Those rods with flame retardant 
extinguish fire with better performance observed with the rod of 24 wt% of flame retardant.  
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Figure 1.3: The use of flame retardants (content indicated) on the combustion of plastic rods 
before (left) and after burning (right).  
1.2 Flame Retardants 
 
Flame retardants are chemicals that are capable of inhibiting the flammability of materials 
during combustion. The flame retardants can be normal or reactive additives.10 The normal 
additives are the most commonly used type to flame retard the thermoplastic/thermoset 
materials. They are mixed with the polymer during melt compounding, but do not chemically 
bond with polymer. On the other hand, the reactive additives are added and chemically bonded to 
the polymer backbone during polymerization.10 This takes place through copolymerization, 
resulting in formation of a new polymer.  
          There are three major mechanisms of flame retardant additives, which can take place 
through the gas phase, endothermic reaction and char formation.10, 16, 22, 29, 35-37 
(a) Gas phase flame retardants: These flame retardants perform through decomposition to 
form radical trapping species in the gaseous phase.10, 16, 30, 35 These species chemically 
scavenge the reactive/active free radicals of hydrogen and hydroxyl, which are the key 
combustion radicals to minimize the flame (the released heat) from the combustion.9, 16, 20, 
22, 29, 30, 35 This interference of the decomposed halogenated species results in the removal 
of active radicals in the combustion process. 
24 wt% 3 wt% 0 wt% 
24 wt% 3 wt% 0 wt% 
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(b) Endothermic flame retardants: They act in both the gaseous and condensed phases. Their 
action is through the formation of non-flammable gases (examples: H2O, CO2) to dilute 
and cool the fuel by their endothermic thermal decomposition.10, 16, 35, 38 Their action can 
also lead to residue formation on the surface for protecting the underlying polymer. Metal 
hydroxide and carbonate additives are mostly common use this mode of action.10, 26 
                                                                                                            
(c) Char-forming flame retardants: They function in the condensed phase through the 
formation of protective char layers which act as thermal insulators for the underlying 
polymeric materials.10, 39, 40 
          The above chemistries of flame retardants vary from one polymeric system to another. The 
mechanism that works best for one polymer might not be suitable for another. The flame 
retardants for improving polymer flame resistance are chosen based on a number of factors such 
as thermal decomposition, fire risk scenario, cost, process type, color, environmental stability 
and recycling.10 There are six (6) main types of flame retardant additives: halogenated, 
RX                          R.  +  X. 
X.(g)  +    RH                         R
.   +    HX(g)  
HX(g)    +     H
.              H2(g)  +  X.(g)   
.OH    +    HX                         H2O   +   X
.
(g)  
     2Al(OH)3(s)  Al2O3(s)   +   3H2O(g)                                         !!





 5MgO(s)  
!! !!
!!
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phosphorous-based, inorganic, mineral filler, intumescent and polymer nanocomposite flame 
retardants.10 Among all these, halogenated flame retardants are the most widely used in 
improving polymer flame resistance.7, 10, 16, 41 
1.2.1 Halogenated Flame Retardants 
	  
          The halogenated organic compounds are mainly aromatic, with a small proportion of 
aliphatic analogues in use.10, 35 Most of the hydrogen atoms in the aromatic flame retardants are 
replaced by group VII elements (F, Cl, Br and I). They have been in existence since the 1930s, 
and as a result, they are cost effective in promoting the flame inhibition of several polymeric 
systems.10 The organohalogenated compounds are found more effective than their counterpart 
inorganic forms.10 The order of flame inhibition effectiveness with respect to halogens is F < Cl 
< Br ~ I.10, 35, 42, 43 Both the organobrominated and organochlorinated compounds are the 
commonly used halogenated flame retardants, in which brominated ones are predominant.10 The 
C-Br bond in brominated flame retardants (BFRs) is great for fire protection. Under 
environmental exposure, it is stable and can break under heat during combustion process for 
releasing bromine radicals to quench active free radicals.10 
          Due to C-Br bond chemistry, it is very efficient to produce huge quantities of BFRs. Most 
of the designed BFRs are capable of releasing bromine at the appropriate time during 
combustion, not too early or too late for polymer thermal degradation.10, 27, 35, 42, 43 BFRs should 
have optimal flame retardancy properties for the polymers they are incorporated with. Some 
representative BFRs are shown in Figure 1.4.10, 25, 28   
          BFRs are known for greater efficiency in the presence of synergists such as antimony(III) 
oxide, zinc borate and phosphorous compounds as they make bromine easily available in the 
gaseous phase to inhibit active combustion radicals.10, 27-30, 44 
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Figure 1.4: Some examples of BFRs used to improve polymer flame inhibition performance. 
          Antimony(III) oxide (Sb2O3) is widely used for enhancing the bromine availability in the 
gas phase for flame inhibition. In polymeric systems, the Sb2O3 in reaction with BFRs forms 
volatile antimony species and perhaps, hydrogen bromide, as radical scavengers to interrupt the 
combustion process.10, 27-30, 35, 44 Series of reactions of bromine and antimony in the gas phase for 
quenching of high energy free radicals to minimize combustion are shown in Figure 1.5.10, 29, 35  
	  
	  Figure 1.5: BFR and Sb2O3 form free radical scavengers of antimony species (SbBr3 and other 
antimony oxyhalide) and hydrogen bromide in complex combustion process. 
H
.
    +    O2(g) HO
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 +    CO H
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          Brominated flame retardants and their synergist, Sb2O3 can easily be blended into 
polymers to enhance their flame resistance. Some halogenated flame retardants such as 
decabromodiphenyl ether, have concerns as environmental hazards for producing toxic gases.10, 
18 This has prompted the manufacture of replacement to be more environmentally friendly BFRs, 
called Green Armor and Saytex-8010. 
1.2.2 Phosphorous-Based Flame Retardants 
	  
          This class of flame retardants has been in place since 1940s, and has phosphorous in 
structures ranging from inorganic to organic forms.10 The common phosphorous oxidation states 
are 0, +3 and +5. Commonly used phosphorous-based flame retardants do have phosphorous-
oxygen bond design with organic units being attached to the oxygen. This is because it is 
difficult and or costly to synthesize phosphorous-carbon bonds, but they are still found in some 
flame retardants.10 Contrarily, the carbon-bromine bonds in BFRs are formed easily through 
perbromination of organic units. Phosphates are the inorganic type in this class of flame 
retardants. Figure 1.6 shows examples of organic and inorganic phosphate flame retardants.10, 29, 
35, 36, 40 
Figure 1.6: Some examples of phosphorous-based flame retardants used to improve polymer 




M = Al, Zn 
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          They can function in both vapor and condensed phases based on the nature of their 
chemical structures and interaction with the polymers in combustion process. Depending on the 
polymers, these phosphorous compounds can be efficient in either vapor or condensed phase or 
even both.10, 16, 29, 35, 36, 38 Just like in the case of BFRs, phosphorous flame retardant efficiency 
can be synergistically improved by combining with other flame retardants. This can enhance the 
formation of a protective char layer for protecting the underlying polymer structures. Series of 
reactions are shown in Figure 1.7 for phosphorous compounds as combustion radical 
scavengers.10, 29, 35 The PO-radicals are crucial in quenching the combustion free radicals as 
shown in Figure 1.7.10, 29 
	  
Figure 1.7: The combustion free radical scavengers by phosphorous-based flame retardants. 
          Many of the phosphorous flame retardants are incorporated with flammable polymers, 
with only few reactive ones in existence (ex. DOPO).10 In high heat release polymers that are 
styrenic or polyolefinic, this class of retardant has been reported to exhibit little or no flame 
retardancy performance. They are not mostly used and effective as the halogenated flame 
retardants.10 During burning process, smoke and CO can result limiting their applications as 
environmentally friendly retardants.10 Other limitations include the cost and plasticizing effects 
(based on their chemical structures) on the polymer properties.45  
 
H.  +  PO. HPO 
P4(s)  +  2O2(s) 4PO. 
H3PO4(l) HPO2  +  HPO  + PO
. 
H.  +  HPO H2  +  PO
. 
2HO.  +  PO. HPO  +  H2O(g) 
HO.  +  H2  + PO
. HPO  +  H2O(g) 
	   11 
1.2.3 Mineral Filler Flame Retardants (MFFRs) 
 
          This class of flame retardant is known to be environmentally friendly, lowering the 
polymer flammability, smoke and possible toxic gas formation during polymer combustion.10, 29, 
35, 46-48 They function in both the gaseous and condensed phase through their endothermic 
decomposition during burning. The condensed phase is cooled to slow the polymer thermal 
decomposition. In the vapor phase, the formation of non-flammable products of H2O and CO2 
has potential to minimize combustion by suppressing the polymer flammability.10, 29, 35, 46-48 Also, 
in the condensed phase, the decomposed products from the filler retardants such as metal oxide 
are non flammable, which can dilute the polymer constituents, inhibiting the flame. Metal 
hydroxides and carbonates are most commonly used MFFRs.10 For metal hydroxides and 
carbonates to be efficient as flame retardants, they should release CO2 and H2O appropriately at a 
temperature between 180 to 400 °C.10 Common examples of this class are aluminum 
hydroxide/alumina trihydrate (Al(OH)3/Al2O3.3H2O), magnesium hydroxide (Mg(OH)2) and 
carbonate. The non-flammable gases and metal oxide formation as active flame inhibition 
ingredients for MFFRs are shown in Figure 1.8.10, 22, 29, 35, 48 
	  
Figure 1.8: Formation of non-flammable gases and metal oxides from MFFRs as their mode of 
diluting polymer fuel in combustion process. 
Al2O3.3H2O  Al2O3(s) + 3H2O(g)  
Mg(OH)2(s) MgO(s) + H2O(g)  
3MgCO3.Mg(OH)2.3H2O  3Mg4(CO3)3(OH)2 + 3H2O(g) 
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          They can also be mixed with other flame retardants to improve their efficiency (less 
common) and minimize the smoke generation.10, 46 Their cost is affordable, making their use in 
polymers reasonable.  
           MFFRs have two limitations.10 First, in the presence of continuous heat flow, MFFRs can 
not completely stop or protect underlying polymers, but have the potential to delay ignition and 
slow down the initial flame growth. This occurs when all the mineral fillers and their formed non 
flammable gases have been used up by polymers against heat, and the residual metal oxide 
provides no further dilution for the polymers. Second, high loadings might be required for 
efficient flame inhibition, however, large wt% of MFFRs can affect the polymer properties. 
About 50 to 70 wt% mineral filler loadings are required in polyofefin wire/cable compounds to 
attain standard fire performance.10 They are useful in polyolefins, rubbers where high loadings is 
not a barrier for polymer properties such as mechanical durability needed in products like 
computer casing/circuit board.10 They fall under the normal additives, and there is no known 
reactive one. Other reported drawbacks of fillers in polymers include weight increase, brittleness 
and opacity.49 
1.2.4 Inorganic Flame Retardants 
	  
This class of flame retardants does not possess carbon in their chemical structures. They 
are useful in improving the efficiency of other flame retardants in gaseous and or condensed 
phase.10, 30, 50 Examples are antimony(III) oxide, borates, stannates and silicates.10, 22, 50 For 
instance, antimony(III) oxide (Sb2O3) is not an effective flame retardant, but acts as a synergist 
in improving the performance of halogenated flame retardants.10, 29, 30 Also, the flame resistance 
efficiency of polymers blended with halogenated flame, mineral filler and phosphorous-based 
flame retardants enhances in the presence of borates (2ZnO.3B2O3.3.5H2O) as synergists. 
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Stannates (ZnSnO3) can also lower the smoke generation by other flame retardants. None of 
them is found reactive during blending with polymer.10  
1.2.5 Intumescent Flame Retardants 
	  
          During combustion, polymeric materials have ability to form a protective char layer of 
carbon content/foam.10, 16, 17, 40, 46, 51, 52 Intumescent flame retardants function in the condensed 
phase, protecting polymer blends by forming carboneceous char layer on the surface.10, 17 In their 
mode of action, thermally stable crosslinked carbon form results through the interaction of acid 
catalyst (ammonium polyphosphate) and the carbon source (pentaerythritol).10, 17, 40, 46, 51, 52 In the 
presence of melamine (gas former), the carbon source can turn to carbon form as for polymer 
protection. The three can be used together or separate in intumescent formulation for polymer 
additives.10, 17, 40 
          None of the intumescent flame retardants react with polymer during blending, but they are 
usually incorporated into polymers for flame resistance.10 For instance, they find applications in 
protecting fire barriers, steel and firewall holes. They are usually mixed with paint for surface 
application on another substrate to protect the underlying materials from thermal degradation 
over a period of time.10 These flame retardants work well in the temperature range of 180–240 
°C, which are not suitable for higher melting polymers, Figure 1.9. Despite their great flame 
resistance performance, water absorption and low thermal stability limit their applications to 
lower tempearure materials.10 
	   14 
	  
	  
Figure 1.9: Schematic representation of intumescent formation in flame retarding polymer.10  
1.2.6 Polymer Nanocomposites 
	  
          This is the newest form of flame retardant class in which the polymer matrix is occupied 
with finely dispersed nanoscale particles for improving the flammability of polymers via an 
additive approach.9, 10, 16, 24, 44, 53-55 Examples include carbon nanotubes, graphite oxide 
nanocomposites, and clay nanoparticles (organically treated layered silicates).10, 24, 45 They 
function in the condensed phase and have the potential to slow the polymer weight loss rate by 
forming a protective nanoparticle-rich flame barrier.10, 16, 45, 46, 53, 56 The mode of action is shown 
in Fig. 1.10.10 
	  	  	  	  	  
Figure 1.10: Mechanism of polymer nanocomposite flame retardants.       
Decomposing polymer, ammonium 
polyphosphate, polyol (pentaertytriol) 




Carbon char layer is able to 
protect underlying polymer 
materials against burning and 
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               Nanocomposites can inhibit flaming polymer from dripping by enhancing charring and 
show good synergism with conventional flame retardants.44, 57 The nanocomposite flame 
retardants promote the dispersion of flame retardant components within the polymer matrices to 
enhance the polymer viscosity for maintaining shape during burning.58 This is achieved in line 
with formation of protective char layer on the polymer surface. Their practical application is 
shown in Figure 1.11.10 They lower peak heat release rate and inhibit polymer flow 
(melting/dripping) during combustion, but fail to lower the total heat release of the fuel.  
 
Figure 1.11: Polymer nanocomposite flame retardants show heat release rate reduction 
relationship for polyethylene (PE), flame retardant (FR), polypropylene (PP) and vapor grown 
carbon nanofiber (VGCNF).10 
           For better performance, nanocomposites should be incorporoated with other flame 
retardants to pass the regulatory tests.10, 44, 58 For instance, small loadings of nanocomposites will 
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lower the polymer flammability, thereby, new-efficient flame retardants can be made by adding 
polymer nanocomposites with other flame retardants to achieve better flame inhibition/enhanced 
polymer properties (thermal, mechanical and electrical) for multi-functional materials.10, 44, 45, 53, 
57, 58  
          Despite their advantages, nanocomposite flame retardants do possess few drawbacks.10 For 
instance, the thermal instability of the clay nanoparitcles (due to large surface area and 
ammonium group presence which can decompose at 180 °C via Hoffmann degradation) limits 
their applications to certain polymers.10 The cost and difficulty to produce a desired 
nanocomposite structure (good interface of carbon nanotubes with many polymers) are other 
factors that limit the applications of nanocomposites. Also, concern about their safety and 
environmental disposition are other issues. With all these limitations, polymer nanocomposites 
are the newest class of flame retardants and have the potential to improve polymer properties as 
fire safe materials with more research.10  
          Upon these different classes of flame retardants, our studies focus on the use of 
brominated flame retardants (BFRs) in improving the high impact polystyrene (HIPS/polymer) 
flame inhibition performance for safety. The research is based on the use of brominated flame 
retardants (BFRs) and their synergist (Sb2O3) in HIPS. As previously mentioned, F, Cl, Br and I 
are the common elements in halogenated flame retardants. Due to chemical nature of bonding 
and dissociation energy, fluorinated and iodinated compounds are too stable and unstable as 
appropriate flame retardants respectively.10, 29, 59 Also, huge amount of chlorinated flame 
retardants are needed in achieving the same optimal fire-retardancy as compared to brominated 
analogues. As a result, brominated flame retardants are the most effective among the halogenated 
types (cost and performance).59 Several studies have shown that BFRs are successful flame 
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retardants in various industrial and consumer products applications by reducing the materials 
flammability for fire-related safety and property damage.7, 10, 18, 27, 29, 30, 42, 43 The brominated 
flame retardants can enhance char formation at the polymer surface which acts as heat insulator 
to protect underlying materials, and inhibit further combustion reactions by the formation of 
antimony tribormide (SbBr3) and hydrogen bromide (HBr) gases.30 The gases can quench high-
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CHAPTER 2. FLAMMABILITY TESTS AND IMAGING TECHNIQUES 
 
          The reason for blending brominated flame-retardants (BFRs)/Sb2O3 with high impact 
polystyrene (HIPS) is to improve the polymer flame resistance for a wide range of applications 
where flammability might be a factor affecting the product. There are many techniques 
researchers can use to test the polymer flammability behavior with respect to the intended 
purpose. This dissertation will discuss some of the commonly used techniques, which include 
UL 94 standard test, limiting oxygen index (LOI), and cone calorimetry.1-10  
2.1 Underwriters Laboratories (UL 94) 
	  
          The UL 94 test is a standard test for assessing the polymer flammability behavior for parts 
in devices and appliances.4, 11, 12 It is approved by the Underwriters Laboratories. It is a common 
technique for researchers in academic and industrial centers.11 It can be performed in various 
modes depending on the materials.4, 5, 8 The samples can be oriented vertically (commonly used) 
or horizontally to assess the ignition time and heat release.4, 12 It is a simple test, fast and easy to 
implement for polymers. The samples are classified as V-0, V-1 and V-2 based on their response 
to flame inhibition performance. Excellent flame retarded polymers should have V-0 rating.4  
          The UL 94 vertical test set-up is shown in Figure 2.1, which mainly consists of the sample, 
burner, cotton and retort stand.4 In vertical mode, the blue calibrated flame from the burner is 
applied to the sample bottom for a period of time at a set distance as shown in the Figure 2.1. 
The polymer sample is subjected to flame for 10 s before removing the flame, and note how long 
it takes the sample to extinguish, which is recorded as t1. After fire extinction, the same 
procedure is performed to measure the second time as t2.4, 13 Attention is also given to underneath 
cotton during burn; if it catches fire from the flaming polymer drips, this is also used for 
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classification of materials. Based on this as well as t1 and t2 values, polymer flammability nature 
is then rated as V-0 (best), V-1 and V-2 (poor).4   
          It is important to maintain the same distance during measurement for accuracy. For 
dripping samples, the burner can be tilted to an angle 45°. The basic standard procedure is to 
perform the whole process in five times for reproducibility.4 Units are in millimeters in Figure 
2.1. 
                               
Figure 2.1: Schematic representation of UL 94 vertical burn test for sample flammability.  
          In short, plastic materials classified as UL 94 V-0 have afterflame time less than those of 
V-1 and V-2 ratings, Table 2.1. If the tested material is observed with an afterflame or 
consumption up to the holding clamp, a thinner material for the burn test can be used as an 
alternate sample.13, 14 
2.2 Limiting Oxygen Index 
	  
          Simmons and Wolfhard invented the limiting oxygen index (LOI) in 1957.15 Fenimore and 
Martin applied the LOI technique in 1966 as a test for measuring the relative flammability of 
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which is convenient, precise and reproducible.17 The top of the sample is burnt using a gas 
mixture and a burner while the sample is in vertical position. LOI is a measure of the minimal 
oxygen concentration (%) in a mixed oxygen and nitrogen stream that is sufficient to support 
polymer sample combustion.4, 15, 16 
Table 2.1: UL 94 classifications (vertical) for the tested materials flammability.4     
 
UL 94, vertical burn 
rating 
Duration of flaming 
for each flame 
application 
Dripping of flaming 
material 
V-0 (best) Addition of t1 and t2 is 
less than 10 s for each 
burnt sample 
No i.e. no afterflame 
observed up to the 
holding clamp; and no 








Addition of t1 and t2 is 




No i.e. no afterflame 
observed up to the 
holding clamp; and no 
cotton ignition by the 
flame dropping 
particles 
V-2 (poor) Addition of t1 and t2 is 
less than 30 s for each 
burnt sample 
Yes i.e. cotton 
ignition by the flame 
dropping particles, but 
no afterflame 
observed up to the 
holding clamp 
 
          The flammability characteristics of various polymers are expressed and compared by this 
value. The LOI can be calculated as follows:4, 18   
𝐿𝑂𝐼 =   
𝑂!   ×  100
[𝑂!]   + [𝑁!]
%                                                                                                                                                                                                                                                            [2.1]	  
   
The higher the LOI value, the better is the flame resistance.4, 16, 18 As shown in Figure 2.2, the 
sample with dimensions of 80 x 10 x 4 mm3 is placed in a glass chimney to allow upstream flow 
of a gas mixture; the sample is ignited after a 30 s gas purge of the column.4 Air contains roughly 
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21% oxygen in nature, therefore, on the basis of LOI classification; flammable materials are 
those with LOI below 21. Samples with LOI greater than 21 are classified as self-extinguishing 
materials, because they cannot combust at room temperature in the absence of external 
energy/heat source.4  
 
Figure 2.2: Schematic representation of LOI experiment. 
          LOI is considered to be a good method for initial screening and quality control of materials 
in the plastics industry. Other more sophisticated methods can be used to assess the polymer 
flammability.4 






Polyisoprene (natural rubber) 18 
Polycarbonate 27 
Poly(vinyl chloride) 42 
Polytetrafluoroethylene 95 
 
2.3 Cone Calorimetry 
	  
          Cone calorimetry is another technique for testing the polymer flammability for multiple 
range of parameters such as ignition time, overall and maximum rates of heat release, mass loss, 
specimen 
mixture of gases 
(N /O ) 
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CO2/CO, and smoke formation.1, 4, 7, 10, 15 The most important parameter measured is the 
maximum rate of heat release, which controls the rate of burning, the rate of mass loss, and the 
ignition. All these parameters are connected with fire hazards.  
          When a sample of dimension 100 x 100 x 4 mm3 or more is burnt by a given heat flux, a 
decrease in oxygen concentration is measured in the combustion gases. The heat flux usually 
ranges from 10 to 100 kW/m2.4  
          As shown in Figure 2.3, the sample is burnt from the top using both the conical radiant 
electrical heater and the electrical spark. The cone calorimetry system is configured, such that 
gas flow, oxygen, CO, CO2, smoke are measured in the exhaust duct and used to calculate the 
quantity of heat released per unit surface area/time as expressed in kW/m2. The polymer flame 
properties are usually evaluated based on the maximum or peak of heat release rate 
(HRRmax/HRRp). The total heat release (THR in kJ/m2) of polymer can be obtained by 
integrating curve of HRR over time.4 
 
Figure 2.3: Schematic representation of a cone calorimetry technique for polymer flammability 
properties.4  
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            All these techniques are used for assessing the flame resistance of various polymers, or 
flame retardant polymer blends for their applications. The LOI experiment is mostly done at a 
room temperature, as a high temperature environment can erroneously affect the value. Also, the 
action of flaming drips and melts can influence the LOI value. The UL 94 might not be suitable 
for low viscosity samples and as a result, some researchers suggest a different burn approach to 
analyze sample flammability (5 s of flame to sample in 3 times).4  
          In this study, our goal is to use imaging techniques to understand the chemistry of flame 
retarded polymers during and after burning. The UL 94 vertical burn test is initially applied to 
assess the polymer blend flame properties. The brominated flame retardants (Saytex-8010 and 
Green Armor), antimony(III) oxide (Sb2O3) and high impact polystyrene (HIPS) are 
compounded in various formulations and used to form extruded polymer samples. Some polymer 
bars are burnt and then studied using X-ray imaging techniques while others undergo 
simultaneous burning and imaging. Some of the useful imaging techniques we used for the study 
of flame retarded polymer blends will be discussed below. 
2.4 Imaging Techniques 
	  
          The discovery of X-rays in 1895 by Wilhelm Conrald Roentgen, a German professor at 
Wuerzburg University came as a technical bombshell to scientists and laymen alike.19 He noticed 
that the invisible rays had the potential to penetrate most solid materials, and was able to 
generate images through a photographic plate. The amazing discovery was useful in 
investigating matter structures, in medicine and surgery. For instance, some months after his 
discovery, the physicians used the X-rays to locate bullets in wounded battle soldiers.20 Since 
then, X-ray imaging has gained tremendous applications in non-destructive testing of materials, 
medical diagnostics, security screening, geology, archaeology, and many more.20  
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2.4.1 Theory of the Refractive Index of Materials 
	  
          The materials can interact with X-rays through absorption and refraction.21-24 With 
refractive index (n) = 1 – δ + iβ, the sample causes the X-ray to be phase shifted as indicated by 
purple lines, and attenuated as indicated by green lines compared to a ray traveling through free 
space, as shown in Figure 2.4. 
 
 
Figure 2.4: The X-ray propagation in the absence of a sample (a); in the presence of a sample (b).  
 
          The complex X-ray refractive index in terms of phase (δ) as the real part of the refractive 
index decrement and absorption (β) as imaginary part of the refractive index, is given by21-27 
𝑛 = 1− 𝛿 + 𝑖𝛽 = 1−
𝑟!𝜆!
2𝜋 𝜌 + 𝑖
𝜆
4𝜋 𝜇                                                                                                                                                                                                  [2.2] 
𝛿 =
𝑟!𝜆!
2𝜋 𝜌                𝑎𝑛𝑑          𝛽 =
𝜆𝜇
4𝜋                                                                                                                                                                                                                                 [2.3] 
 
where r0 is the classical electron radius (Thompson scattering length = 2.8179 × 10 –15 m), λ is 
the X-ray wavelength, ρ is the electron number density, and µ is the X-ray linear absorption 
coefficient, measured as the product of mass attenuation coefficient and the density.21-24, 26, 27 The 
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number density, m–3 (concentration of atoms or molecules per unit volume) can be expressed in 
terms of the density (𝜚), Avogadro’s constant (NA) and the molar mass (M) as follows: 
𝑁! =
𝑁!𝜚
𝑀                                                                                                                                                                                                                                                                                                 [2.4] 
          The anomalous dispersion is given by NIST as (𝑍! +   𝑓!!); then, δ can be re-written as: 
𝛿 =
𝑟!𝜆!
2𝜋 𝑁! 𝑍! + 𝑓!
!                                                                                                                                                                                                                                                       [2.5] 
From equation 2.5, Zk is the element atomic number, 𝑓!! is the real part of the anomalous atomic 
scattering cross section of the element k, which is relevant near the absorption edges of the 
samples and becomes zero when it is far from the edges.21-24 The density can also be calculated 
by using the method of Cao,28 which is based on using the empirical methods developed by 
Girolami,29 and Immirzi and Perini30 to estimate the true density of compounds. Cao et al. 
reported that the Girolami method is suitable for density calculation of liquids and solids while 
Immirzi and Perini method is mainly applicable for solids and offers better predictions over the 
Girolami method.  
          In Table 2.3, we calculate some flame retardant compounds, water and styrene using the 
equations 2.3 and 2.5 to list parameters relevant for phase shift-absorption relationship, where δ 
can use anomalous dispersion data from the NIST X-ray form factor database and β uses linear 
mass attenuation coefficients, µ/ρ, from the NIST XCOM database.31 The δ/β ratio highlights the 
observation that phase contrast X-ray imaging is roughly three orders of magnitude more 
sensitive for imaging light elements relative to absorption imaging. 
          Phase contrast imaging is also applicable for light elements, for instance, silicon (Si) at 20 
keV (λ = 61.99 m), where silicon has a mass attenuation coefficient of 4.229 cm2/g. With a 
density of 2.330 g/cm3, β is 4.86 ×10–9. Its number density is 4.996 × 1028 m–3, therefore, δ 
	   31 
equals 1.206 ×10–6. This indicates X-ray phase contrast imaging is significantly useful in 
imaging low absorbing materials or soft tissue.  
Table 2.3: Refractive indices at 20 keV of representative materials. 
 
Materials δ β δ/ β 
H2O 5.8 × 10–7 4.0 × 10–10 1.5 × 103 
Mg(OH)2 1.3 × 10–6 1.7 × 10–6 7.2 × 102 
Al(OH)3 1.3 × 10–6 1.9 × 10–9 6.7 × 102 
Polystyrene, C8H8 5.9 × 10–7 2.0 × 10–10 3.0 × 103 
C14H4Br10 1.5 × 10–6 6.8 × 10–8 2.2 × 101 
C8H4.4Br3.6 1.2 × 10–6 4.5 × 10–8 2.6 × 101 
Sb2O3 2.3 × 10–6 4.6 × 10–8 5.0 × 101 
 
          In the conventional X-ray absorption imaging, the X-rays pass through the sample to 
generate an image on a detector positioned behind the sample. The X-ray photon absorption by 
the sample is mainly influenced by the sample’s component density and composition. The Beer-
Lambert law defines the interaction between the X-ray attenuation and the sample in equation 
2.6.21, 23-25  
𝐼 =    𝐼!𝑒!!"                                                                                                                                                                                                                                                                                                    [2.6] 
Where I is the final intensity, I0 is the initial intensity, µ is the linear attenuation coefficient and 
D is the sample thickness along the X-ray path. It can be further re-written as  
 
𝐼 = 𝐼!𝑒! ! !,! !                                                
!




) = − 𝜇 𝑥,𝑦
!
!
𝐷                                                                                                                                                                                                                                                      [2.8] 
 
This means the transmission, T, and absorption, A, of an X-ray passing through a uniform 
sample of thickness D, can be expressed in equations 2.9 and 2.10 below.21-24 
𝑇 = 𝐼 𝐼! = exp
−4𝜋𝛽𝐷
𝜆                                                                                                                                                                                                                 [2.9] 
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𝐴 =   − 𝑙𝑜𝑔(
𝐼
𝐼!
)                                                                                                                                                                                                                                                        [2.10] 
 
          According to equation 2.10, better X-ray absorption contrast imaging can be obtained 
when the sample contains different density constituents, i.e. differences in the absorption cross-
section of the sample components. For example, bone and soft tissue can be differentiated with 
the use of X-ray absorption because bone has high atomic number elements, calcium and 
phosphorous, while the soft tissue density is close to that of water.21, 23, 24, 32  
        The technique of X-ray synchrotron K-edge tomography has been used to study the 
homogeneity and concentration distribution of flame retarded polymer blends consisting of high 
impact polystyrene, brominated aromatic compounds and antimony(III) oxide.33-35 It is a great 
technique to visualize the internal chemical structures of polymer composites, because of high 
absorbing elements of antimony and bromine. It was discovered that the BFRs and Sb2O3 
blended moderately well in HIPS. Further analysis carried out on some lumps (undissolved 
particles) indicated that none of the voxels was 100% of any of the two additives. It also showed 
that no voxel contained 50 more than vol% BFR or Sb2O3, indicating good homogeneous 
polymer/additive blends.33-35  
          Despite years of experience and many applications, X-ray absorption contrast imaging 
cannot adequately differentiate samples of soft tissues whose densities or absorption cross-
sections are identical. Nor is it possible to image low-absorbing materials. Recent advances in X-
ray imaging have led to the discovery of X-ray phase contrast imaging which relies on the phase 
shift of the transmitted X-ray wavefront to generate improved contrast for low absorbing 
materials or of similar density.21-24, 32, 36, 37  
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         Recall the absorption, or − log𝑇, depends upon µD as in 𝐴 = − log𝑇 = 𝜇𝐷. Similarly, 
the change in phase shift also depends on the sample thickness and the real part of the refractive 
index, δ as given by:22 
𝜙 =
2𝜋
𝜆 𝛿𝐷                                                                                                                                                                                                                                                                                       [2.11] 
The phase shift cross section was previously shown as three orders of magnitude greater than the 
absorption cross section, thereby, improving and giving the best contrast for low absorbing 
materials or soft tissues in the X-ray phase contrast imaging. This will be useful to study flame 
retardants of low Z-elements such as mineral filler flame retardants (Mg(OH)2, Al(OH)3), and 
phosphorus-based flame retardants and more.  
          Methods for the phase shift retrieval to produce good phase contrast images have been 
developed, including crystal interferometry, propagation-based, analyzer-based and grating 
interferometry methods, which are shown in Figure 2.5.23, 24, 32 All methods transform the phase 
shift into intensity modulation, which can then be observed at the detector.24, 32  
 














(a) Crystal interferometry method 
(b) Propagation-based method 
(c) Analyzer-based method 
different detector positions 
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          The X-ray requirements, experimental set-up, and the nature of generated signals for the 
phase shift retrieval methods differ from one design to another. For quality images, highly 
parallel and monochromatic X-ray beam is required for the crystal interferometric and analyzer-
based techniques due to their crystal optics.32 In the propagation-based method, micro-focus X-
ray source is a necessary condition for retrieving phase at a good magnification. None of these 
factors affects the grating interferometry making it a suitable X-ray phase sensitive imaging 
technique for materials science, industrial and medical applications.32 Nonetheless, in X-ray 
grating interferometry, the gratings must meet certain conditions to deliver good images. Overall, 
it has more advantages over the related methods.38 
          Therefore, the most recently developed and commonly used of these phase contrast 
imagings is the X-ray grating interferometry,32 which can be performed in various modes with 
respect to sample positioning and the number of gratings.39 In one mode, it consists of two or 
three linear gratings; depending on the source X-ray flux coherence positioned between the 
sample and the detector. The first grating, G1 produces a periodic intensity modulation of the 
incoming X-ray wavefront along the optical axis at a certain distance known as the Talbot 
distance. The intensity pattern is analyzed by the second grating, G2 to yield differential phase 
contrast, DPC, image of the sample. In another mode of operation, the interferometry has only 
2D-phase grating in the optical axis.40  
          A common set of phase shift gratings uses a G1 phase grating with π-phase shift and a G2 
analyzer grating with transmission = 0.05 or lower. If we use gold at 22 keV, then G1 has 4.24 
µm (π-phase) and G2 has 24.9 µm (T=0.05) or 38.3 µm (T=0.01) structures. If we use gold at 80 
keV, then G1 has 15.4 µm (π-phase) and G2 has 820 µm (T=0.05) or 1261 µm (T=0.01) 
structures. “Phase” means 𝜙 = !!
!
𝛿𝐷, so the thicker the sample, the more phase evolution. 
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Also, the value of the phase can be large, hundreds of radians is possible. If these values are too 
large, we can increase the X-ray energy and make δ smaller (because δ depends on λ2), or use a 
thinner sample.   
          How much phase shift (Φ) is created by 100 µm of polystyrene at 20 keV? It is given in 
Table 2.3 for δ = 5.9 x 10-7 (polystyrene, 20keV). The answer is Φ equals 5.07 radians. So, 
bubbles should be easily observed in polystyrene. The addition of FR and Sb2O3 increases the 
electron number density of the polymer, and will make the phase shift of 100 µm of polymer 
matrix even larger than 5.07 radians. On the other hand, filling the bubble with SbBr3(g) tends to 
reduce the phase shift difference between bubble and polymer, but not by much (gases are 1000-
fold less dense than solids).   
          The same fringe intensity pattern caused by the sample can also be used to provide 
additional image signal of scattering or dark-field, which can provide microscopic details in the 
specimens.32, 41-44 As a result, in addition to absorption image, X-ray grating interferometry 
provides phase contrast and dark-field images.21, 23, 24, 32, 42 Other sample features that have low 
contrast in conventional absorption image should have better contrast-to-noise ratio with phase 
contrast or dark-field imaging. 
2.4.2 X-ray Synchrotron K-edge Tomography Imaging  
 
          The study of homogeneity of polymeric blend samples (HIPS, BFRs and Sb2O3) was 
carried out in the past by the use of multi-energy synchrotron X-ray tomography to determine the 
[Br] and [Sb] distribution based on their K-edge energies.33-35 The tomography data sets were 
acquired by rotating the sample on the rotation stage between 0° to 180° while collecting images 
at each angle increment. The reconstruction was later performed on those raw images to obtain 
3D absorption volumes for further process into chemical concentration (vol%).34, 35 
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         The X-ray K-edge tomography set-up is shown in its schematic form in Figure 2.6. The K-
edge energies obtained from the NIST database31 enable us to select the best X-ray photon 
energy for imaging of the brominated flame retardant samples as shown in Figure 2.7. To cover 
Br and Sb K-edges, five to seven X-ray energies were used ranging from 12 to 32 keV. 
 
Figure 2.6: X-ray synchrotron K-edge tomography set-up. 
In the X-ray absorption tomography, the concentration of Br and Sb in polymer blends is 
quantified with the aid of the NIST XCOM parameters known as the mass attenuation 
coefficients.31, 34, 35 Minor volume realignments are performed prior to least squares fit 
calculation of [Br] and [Sb] maps.35 
          For the compounds in the polymer samples, the value of the mass attenuation coefficient, 
µ/ρ (cm2/g), is based on the chemical formula with elemental data taken from the NIST XCOM 
database at intervals of 2 keV plus additional sampling at K-edges.31 Linear interpolation 
functions are generated from the list of X-ray energies and µ/ρ values. Shown in Figures 2.7 and 
2.8 are the linear attenuation coefficients, µ (cm-1) for the pure element and compound over an 
energy range that spans the K-edges for Br and Sb. The carbon K-edge is at low energy, 0.282 
keV, not useful in the X-ray absorption tomography for imaging of millimeter-thick brominated 
flame retarded polymer samples. The density of the compounds is needed to convert from mass 
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HIPS, ρ = 1.040 g/cm3 and Sb2O3, ρ = 5.67 g/cm3.35 For most flame retardants, density is not 
available, but is calculated from the molecules using the methods of Cao.28 
 
Figure 2.7: Mass attenuation coefficient as a function of X-ray energy for Br and Sb K-edges. 
	  
 
Figure 2.8: Linear attenuation coefficients for the pure components of FR (Saytex-8010), Sb2O3 
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          The overall trend with increasing X-ray energy is a decrease in the linear attenuation, but 
just above K-edges, there is a sharp increase in the X-ray attenuation as shown in Figure 2.8. 
          The tomography volumes are large and include air around the samples. Some parts of the 
samples have no interest, so 3D cropping is performed. For K-edge X-ray imaging, there are 
multiple volumes, acquired at 12, 15, 17, 25, and 32 keV. There is one minor difficulty; the X-
ray optics are not quite perfect over the multiple X-ray energies. The X-ray beam direction 
should be absolutely horizontal at all energies, but there can be small upward or downward beam 
deflections. Small deflections will cause the projection generated by the sample to move down 
and up at the scintillator; in the reconstructed volume, the sample may appear to shift down or up 
by a few pixels. So, the row-column crop limits are usually constant across X-ray energies, but 
the best slice crop limits are likely to vary by a few pixels. 
          The X-ray K-edge absorption volumes are then converted into chemical concentrations 
(vol%) as follows. The studied polymer blends typically have three components in the 
tomography volumes, flame retardant (FR), Sb2O3, and HIPS, and the concentrations of each are 
in volume fractions during the data analysis; however, the samples are prepared based on weight 
percent (wt%). We convert wt% to volume fractions using additive densities such that for FR: 
[𝐹𝑅] =   
𝐹𝑅   𝑤𝑡%/𝜌𝐹𝑅
𝐹𝑅   𝑤𝑡%/𝜌𝐹𝑅 +    [𝑆𝑏!𝑂!]  𝑤𝑡%/𝜌𝑆𝑏!𝑂! +    𝐻𝐼𝑃𝑆   𝑤𝑡%/𝜌𝐻𝐼𝑃𝑆    
	  
                                                                                                                                                  [2.12] 
Where [FR] is the concentration volume fraction of FR, and can be converted to vol% by 
multiplication with 100, and ρ is the density.  
          Absorption X-ray tomography with multiple X-ray energies spanning the element K-edges 
is a standard procedure for generating 3D composition maps. Typically, one solves a constrained 
least squares fit for the equations below for the 3 components in the blends as follows:34, 35 
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𝜇!"#$
!"#$ =    [𝐹𝑅]!"#×  𝜇!!" +    [𝑆𝑏!𝑂!]!"#×  𝜇!
!"!!!   + 𝐻𝐼𝑃𝑆 !"#  ×    𝜇!!"#$	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [2.13]	  
 
If the attenuation changes due to HIPS (mainly carbon and hydrogen elements) are insignificant 
over this energy range, the modified equation is shown below as34, 35 
𝜇!"#$
!"#$ =    [𝐹𝑅]!"#×  𝜇!!" +    [𝑆𝑏!𝑂!]!"#×  𝜇!
!"!!!   + 1− 𝐹𝑅 !"# − 𝑆𝑏!𝑂! !"#   ×  𝜇!!"#$	  
                                                                                                                                                  [2.14] 
where the concentrations are in vol% with constraints such as 0% ≤ [FR]xyz ≤ 100%.  
          The equation 2.13 is nicely suited for Levenberg-Marquardt routines. The Mathematica 
linear model fit routines are robust, informative, but inconveniently slow for the large data 
volumes, taking about 0.4 ms per voxel.35 It is possible to recast the least squares fit problem into 
a linear algebra format. For the ith voxel, the measured X-ray attenuation as function of six X-ray 
energies, 𝜇!"
!"#$ is the product of a 6 x 3 basis set matrix B times a concentration vector of 
dimension 3	  x	  1 as shown here for the three-parameter fit: 
𝜇!"
!"#$= B. [[FR], [Sb2O3], [HIPS]]i                                                                                                                                       [2.15] 
while B is expressed to be  [𝜇!!", 𝜇!
!"!!!, 𝜇!!"#$]                                                                                                             [ 2.16] 
Equation 2.15 can be inverted to give the final vol% concentration as 
Conc. = G . 𝜇!
!"#$                                                                                                                                                                                  [2.17]     
  where  
  G  =  (BT .  B) –1 .  BT                                                                                                                     [2.18] 
The minor trick here is to flatten the tomography volumes of dimensions R rows	  ×	  C columns × S 
slices, representing six different X-ray energies into a columnar matrix of dimensions 6	  ×	  (R ×	  C 
×	  S) = 𝜇!
!"#$.   
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2.4.3 Phase-stepping Grating Interferometry (Tomography) 
	  
          In 2003, Momose et al.45 were the first to report this grating-based interferometry imaging 
method for a set-up with a phase grating and two linear transmission gratings followed by a 
detector. Tomography data sets can be acquired with this set-up,39, 41, 46-50, which can be 
performed with highly brilliant synchrotron or incoherent lab-based X-ray tube sources.27, 51-53 
The recent development is the use of phase-stepping mode in grating interferometer.32, 54 The 
typical phase contrast interferometry experiment is shown in Figure 2.9.  
 
Figure 2.9: The X-ray grating interferometer with a source grating G0, a phase grating G1, an 
analyzer absorption grating G2 and Talbot-Lau distance Td. (a) Vertical linear grating alignment, 
and (b) horizontal linear grating alignment. At synchrotron set-up (brilliant X-ray sources), the 
use of G0 is not necessary.  
          The G0 is usually placed close to the X-ray source to create periodically coherent line 
sources. For highly brilliant X-ray source i.e., phase coherent, the use of G0 is unnecessary. 
X-ray source 
















	   41 
Formation of the image contrast is through the synergistic effect of G1 and G2 gratings. The 
second phase grating (G1) generates periodic phase modulation onto the incoming wave front. 
By using the Talbot effect,47 linear periodic fringe patterns can be formed as a result of phase 
modulation conversion into an intensity modulation in the G2 plane.32, 39, 41, 47 These fringe 
patterns produced by G1 are parallel to its lines and perpendicular to the optical axis, and they 
are known to have equal periodicity and orientation with G2 absorption grating. The G2 is in the 
detection plane, very close to detector as shown in Figure 2.5.  
          Image intensity signal I(m, n) in each pixel (m, n) in the detector can oscillate as a function 
of xg by scanning one of the gratings, usually G2 along the xg direction as indicated in Figure 
2.9. For phase-stepping interferometry tomography, multiple scans (6 to 12 steps) are allowed 
along the xg direction at a respective angle increment during sample rotation.32, 55, 56 Figure 2.10 
depicts retrieved details from the Figure 2.9 setup.                                  
 
Figure 2.10: Image intensity modulation in a detector pixel. This is formed when scanning one of 
the gratings, usually G2 (shown in Figure 2.9) along the xg direction.  
       The amplitude is modified depending on the nature of the investigated samples. Several 
image signals can be extracted from the local changes in oscillation I (m, n, xg) influenced by the 
imaged sample, which are absorption, differential phase contrast (or refraction) and dark-field (or 
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scattering) images. The three image modalities in an X-ray grating interferometer through an X-
ray interaction with a sample are shown in Figure 2.11.32, 55, 56   
 
Figure 2.11: The three image signal modalities in an X-ray grating interferometry experiment. (a) 
Decrease in intensity/amplitude value due to X-ray attenuation by the sample gives absorption 
image (s) while the intensity is unaffected in the reference (r), i.e. no sample in the beam; (b) 
Sample causes phase shift of the interference pattern with respect to reference in extracting DPC 
image; and (c) Decrease in the amplitude and visibility by the scattering samples to retrieve the 
dark-field image.32 
          For quantitative purpose, the image intensity oscillation for each pixelated detector can be 
expressed in a Fourier series as shown below:32, 44, 55  





+ 𝜙! 𝑚,𝑛 	  
≃ 𝑎! 𝑚,𝑛 + 𝑎! 𝑚,𝑛 cos
2𝜋𝑥!
𝑃!
+ ∅! 𝑚,𝑛                                                                                                                                                     [2.19]	  
 
where the amplitude coefficients (ai), the phase coefficient (ϕi) and the period of G2 (p2) are 
useful for respective modality. The normalized average transmission (T) of the sample is given 
by the equation 2.20. 
(a) Absorption (b) Phase contrast (c) Dark-field 
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𝑇 𝑚,𝑛 = 𝑎!
! 𝑚,𝑛
𝑎!! 𝑚,𝑛
                                                                                                                                                                                                                        [2.20]	  
                                                    
From the transmission, the absorption is expressed as -log(T). With superscript “s” is the 
amplitude value in the presence of the sample in the X-ray beam path and with superscript “r” is 
the amplitude value in sample absence for each detector pixel. The value of T(m, n) is similar to 
what is obtained in the conventional absorption X-ray imaging without gratings.32, 55, 56  
          The differential phase contrast, DPC (𝛻!𝜙) images depend on the gradient component of 
the wavefront phase profile ϕ(m, n) of the sample, expressed as  
∇!∅ 𝑚,𝑛 =   
𝑃!
𝜆𝑑 ∅! 𝑚,𝑛                                                                                                                                                                                                                                 [2.21]	  
 
Where λ is the X-ray wavelength, P2 is the G2 grating period, and d is the Talbot distance 
between the two gratings. Measuring a difference with and without a sample in the X-ray beam 
direction gives the effective DPC image for a good imaging system as32, 56    
∇!∅ 𝑚,𝑛 = ∇!!∅ 𝑚,𝑛 − ∇!!∅ 𝑚,𝑛                                                                                                                                                                           [2.22] 
          Dark-field images are dependent on the scattering power of the samples. As shown in 
Figure 2.11, in the presence of the sample (internal homogeneities), the amplitude decreases due 
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In the presence of the sample, the normalized visibility is given by32 
 
𝑉 𝑚,𝑛 =   
𝑉! 𝑚,𝑛
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                                                                                                                                              [2.24]	  
	  
The dark-field image signal can be expressed as44, 55  
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                                                                                                                                                                                                                    [2.25] 
           In homogeneous samples (insignificant small-angle scattering), the visibility value, V (m, 
n) is one, i.e. unchanged. On the other hand, a visibility value less than one indicates samples 
with microscopic density differences. X-ray grating interferometry was applied in imaging the 
chicken wing, with a dark-field image given the best contrast for the bone and the DPC image 
produces the good contrast for the skin soft tissue.32, 57  
 
Figure 2.12: X-ray grating interferometry experiment for a chicken wing. (a) Conventional 
transmission image; (b) DPC image; and (c) Dark-field image.32  
 
          The stepped-grating interferometry imaging method is applied to study post-burn flame 
retardant samples. Some experiments we performed at the APS synchrotron were unsuccessful 
due to grating misalignment. The X-ray tube source was also use to perform the stepped-grating 
interferometry experiment at CAMD. Stepped-grating interferometry has the advantage of 
producing good contrast images, but it takes more data acquisition time. The grating alignment 
and stability is also challenging to obtain Moiré interference patterns.  
2.4.4 Single-shot Grating Interferometry (Tomography and Movies) 
	  
          This X-ray grating-based interferometry is fast and easy to operate for various experiments 
that require speed, because it does not require scanning in multiple directions, long sample 
exposure, and alignment of multiple gratings.40 Through a spatial harmonic method, the three 
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image modalities (absorption, DPC and dark-field) as shown in Figure 2.13 can be generated 
from a single raw image.40 
 
Figure 2.13: The single-shot grating interferometer has the X-ray source, the sample, 
transmission grating, and detector.  
 
          The X-ray source can be synchrotron or tube, and the single transmission phase grating 
was positioned in the X-ray beam line after the sample. One setup was developed at NIH with 
the goal of low-dose phase contrast imaging.40 The phase grating has alternating lead and 
aluminum stripes created from stack of two orthogonal linear grids. The detector camera was a 
16-bit water-cooled CCD camera of 2054 x 2048 and a pixel size of 30 µm. The camera is 
optically coupled to a Gd2O2S:Tb scintillator. The distance between the X-ray source and 
detector was 100 cm while the phase grating was placed in their middle. The sample distance to 
the X-ray source was 12. 5cm.40  
          In vivo imaging of live animals was carried out exploiting the speed of this technique, as 
no phase grating stepping is required. Using a high resolution X-ray detector, good quality 
images were obtained with this technique through spatial harmonic analysis. As alternative to the 
high detector resolution (several times smaller than the grating period), the use of an analyzer 
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resolution detector.40 The analyzer grating generates a Moiré pattern at the detector with a 
distance scale set by the relative orientation of the phase and analyzer gratings.40   
          We have used the single-shot grating technique for the post-burn flame retardant samples 
and for burning samples to acquire tomography datasets and radiographic 2D movies 
respectively. Such a fast imaging technique is needed to acquire raw images while burning the 
samples, because samples of high flammability can burn fast out of the camera field of view. 
          Both synchrotron X-ray K-edge tomography and grating based X-ray interferometry are 
excellent imaging techniques for visualizing internal structures and analyzing the performance of 
brominated flame retardants in polymer matrix.  
2.5 X-ray Sources 
	  
          In this study, we make use of two different sources of X-rays, which are synchrotron and 
laboratory X-ray sources. Most of our experiments are conducted with the use of synchrotron 
radiation sources.  
          X-rays are form of electromagnetic radiation, similar in nature to visible light, infrared, 
ultraviolet radiations, though having short wavelength and high energy. Their wavelength is in 
the range of 10–11 – 10!!𝑚. 58, 59 
2.5.1 Laboratory X-ray Tube 
	  
          In an X-ray tube shown in Figure 2.14, electrons are emitted from a hot cathode filament 
to accelerate towards the metal target anode by an accelerating voltage.60, 61 The interaction 
between these high-energy electrons and the target metal liberates a continuous spectrum of X-
rays, a process called Bremsstrahlung (or white radiation).58, 62 
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Figure 2.14: The schematic diagram of an X-ray tube for X-ray production. 
Due to interaction of the high-energy electrons and the nuclei of the target atoms, kinetic energy 
of the electrons is converted to radiation, where the X-ray photon energy is expressed as62 
𝐸!"# = ℎ𝑣!"# = 𝑒𝑉                                                                                                                                                                                                                                                            [2.26]  
where h is the Plank constant, 𝑣!"# is the maximum frequency, e is the electron charge and V is 
the applied voltage. One electron volt is equal to 1.60218×10!!"  𝐽. The Duane-Hunt limit is the 
maximum energy or minimum wavelength given as62 
ℎ𝑣!"# = ℎ𝑐 𝜆!"# = 𝑒𝑉                                                                                                                                                                                                                                              [2.27] 
𝜆!"# = ℎ𝑐 𝑒𝑉 = 12398./𝑉  (𝑣𝑜𝑙𝑡𝑠)                                                                                                                                                                                                    [2.28] 
 
          However, the occurring collisions or interactions between the accelerated electrons from 
the filament and electrons in the target do not completely dissipate the kinetic energy in one 
collision, thereby resulting in additional low energy X-ray photons and heat. The maximum 
energy of the produced X-rays, which is connected to the kinetic energy of the incident beam, 
continues to decrease until all the electron kinetic energy is absorbed.62  
          The emitted X-ray spectrum possesses frequencies corresponding to the exact energy gap 
necessary for return of an ejected electron to its initial state. These X-rays are known to have a 
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target anodes are tungsten (W), molybdenum (Mo), chromium (Cr) and copper (Cu), and W is 
the most commonly used because of its thermal stability, and high melting point.  
          In this work, we used a commercially available Hamamatsu Photonics, laboratory X-ray 
tube at the synchrotron facility (when the synchrotron source was down) to perform the phase 
stepping interferometry tomography of post-burn samples. The X-ray tube has tungsten target 
metal, focal spot size 20 µm and we operate mostly at 90 kV, 290 µA (≃ 35 keV) but the 
maximum voltage and current are 130 kV and 300 µm, respectively.  
2.5.2 Synchrotrons 
	  
          These are other methods of X-rays production. Synchrotron radiation is a name for 
electromagnetic radiation from the acceleration of relativistic electrons (i.e. near the speed of 
light) through magnetic fields.59 The accelerated high-speed electrons with kinetic energies near 
3-6 GeV are stored in an ultrahigh vacuum ring and travel in a closed loop due to strong 
magnetic fields.21, 59 The synchrotron ring has a circumference on the order of kilometers. The 
electrons are produced by electron gun58, 62 and accelerated by a linear accelerator for transfer to 
a booster ring and or the main ring. The electrons move in a circular direction with the aid of 
high magnetic fields in the storage ring.58  
          By changing their course in each magnetic field, these charged electron particles have 
potential to emit a very high-energy radiation, called synchrotron radiation. This synchrotron 
radiation has a continuum of wavelengths spanning between microwaves to X-rays.58 A single 
wavelength/color (monochromatic) is usually produced from the synchrotron beam by using a 
monochromator. The monochromator helps to filter the polychromatic radiation when its crystals 
interact with the incoming X-rays according to the Bragg law to generate monochromatic 
radiation.58 
	   49 
          Some parameters used to define the synchrotron storage rings in terms of their radiation 
are the horizontal emittance of the ring,   2𝑣!  and the vertical emittance, 2𝑣! .21 The two 
parameters are re-written as 





                                 𝑓𝑜𝑟  0.2 <
𝜆
𝜆!
< 100 ,                                                                                        [2.31] 
where 𝛾 = 𝐸! 𝑚!𝑐!
 is the Lorentz factor, 𝐸! is the energy of the electrons in the storage ring, 




= 𝛾!!                                                                                                                                                                                                                                            [2.32] 
The photon beam, 𝐸! of 4 GeV ring storage gives 𝜓  as 0.127 mrad (0.007°). This very small 
divergence in angle of the photon energy beam is responsible for the brightest of the synchrotron 
radiation source, needed in many applications including phase contrast imaging.21  
          In the straight sections of the storage ring, the use of insertion devices (wigglers or 
undulators) of periodic magnetic structures can cause more oscillations of the electron beam to 
amplify the synchrotron radiation intensity (stronger radiation). The insertion devices are 




                                                                                                                                                                                                                                                                [2.33] 
where 𝜆!(mm) is the field period of the magnetic field, 𝐵!(T) is the maximum magnetic flux. 
The maximum angle of the moving particle during the oscillation around electron orbit is 
expressed as 
𝑣! = 𝐾𝛾!!                                                                                                                                                                                                                                                                [2.34] 
The value of the K parameter in the devices tells the difference between the wiggler (K > 1) and 
the undulator (K < 1). Based on equation 2.34, it indicates that the divergence of the photon 
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beam is higher in the wiggler compared to the undulator. The high divergence creates large beam 
size for imaging large field of view samples. The wigglers generate a broad energy spectrum, 
with less coherency due to higher 𝑣!, unlike the undulators which have much better coherent 
radiation and a narrower energy spectrum as a result of the weak oscillation of the electron in the 
magnetic fields.21  
          The synchrotron X-rays, diagrammatic representation shown in Figure 2.15, have the 
following advantages: high brightness and intensity (several orders of magnitude more than with 
the laboratory X-ray tubes), good tunability of the wavelength and energy (monochromaticity), 
high brilliance (>108 photon s–1 mm–2 mrad–2: about 1021 times greater than X-ray tube source), 
good resolution and high collimation (i.e. small angular beam divergence).58, 59, 63 
 
Figure 2.15: Schematic diagram of a synchrotron. There are basic components in the synchrotron 
storage ring as shown with electron gun/injector to produce electrons (e–), pre-accelerated by the 
booster before injection into the ring. In the straight sections, the bending magnets and insertion 
devices produce a tangential beam of white (polychromatic) X-rays, then, monochromated to a 
narrow bandwidth in the beam line optics to reach the experimental hutches.61 
 
          Access and availability of the synchrotron facility is not as convenient as using the 
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Advanced Microstructures and Devices (CAMD) and Argonne National Laboratory (Advanced 
Photon Source) for assessment of flame retardant formulations. 
2.6 X-ray Detectors 
	  
          The quality of acquired images in imaging techniques such as radiography, tomography 
and interferometry partly depends on the detectors in the beam path. Detector performance is 
evaluated based on some parameters such as spatial resolution, detection quantum efficiency 
(DQE), sensitivity, dynamic range, contrast and noise.64 For digital detectors, resolutions depend 
on factors like X-ray photon conversion, charge generation, signal pickup, charge collection and 
pixel size. It can be quantified by the lines/mm that can be distinguished.64 The detection 
quantum efficiency, DQE relates the number of photons needed to generate a signal. Change in 
detector signal that can be detected as a result of change in the X-ray intensity is called the 
sensitivity. The range from minimum detection threshold to saturation is called the dynamic 
range.64 For quality imaging, detectors should possess characteristics to measure a wide range of 
X-ray intensity in the reference image (no sample in the X-ray beam) and the sample image. 
Image contrast tells differences in close images of similar attenuation or phase shift. Uncertainty 
or fluctuation in instrument can create the lowest level of detectability, called the noise. In short, 
a detection is a measure of the signal-to-noise ratio.64 
2.6.1 Photographic films 
	  
Photographic films find application in X-ray radiography for almost a century, and are 
made of gel with AgBr/AgI grains to generate the optical density of black slabs. Film has 
low DQE (about 1% of the incident X-ray photons are detected), and good spatial 
resolution (up to 100 lines/mm).64 Certain parameters such as DQE (up to 20%), spatial 
resolution and contrast are improved using image intensifiers of phosphors such as 
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CaWO4 to convert X-rays into visible light. The extracted electrons from a photocathode 
due to light are accelerated in a vacuum by an electric field before hitting the film.64 It is 
inexpensive, and has large areas.65 Limitations include extremely time consuming, labor 
intensive, inefficient and unsuitable for real-time imaging applications.66 
2.6.2 Charged-Coupled Device Detectors 
	  
            The quality and speed of X-ray data collection have greatly improved using the charge-
coupled device (CCD) X-ray based detectors for imaging applications.67 Coupling of scintillating 
phosphor screens with the CCD offers high spatial resolution, dynamic range, and various 
system formats for meeting many application requirements.66 These CCD electro-optical 
elements can convert X-rays into a signal, focused and amplified, while outputting an electrical 
signal available for further processing as shown in Figure 2.16. 
 
Figure 2.16: Schematic representation of X-ray conversion in a scintillation detector.67, 68 
     In CCDs, scintillators usually electrical insulators convert X-ray photons to visible light or 
electron quanta, acquired by optical fibers or lenses.64, 67 The fibers or lenses are coupled at the 
end to the CCD camera for collecting images. CCDs have high spatial resolution, dynamic range, 
but small active area. Scintillator can influence the spatial resolution.64 CCD detectors have great 
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requires continuous cooling during image acquisition to reduce its dark current noise over long 
exposure time. It is inefficient for detecting direct X-rays due to loss and incomplete conversion 
as a result of low thickness of fluorescence screen to absorb the X-rays.65 It is always a necessity 
to improve properties of the existing detectors for X-ray imaging applications. Pilatus 100K has 
large active area with potential to detect direct X-ray energies.  
          One of the X-ray converters is a phosphor (or scintillator) with the following properties: 
robustness and stability, X-ray stopping power, energy efficiency for X-ray conversion to light, 
linearity of light output with incident X-ray dose and intensity, spatial resolution across the 
screen and noise.67 Examples include CsI:Tl, NaI:Tb, Gd2O2S:Tb and ZnS:Ag, shown in Table 
2.4. There is a compromise in selecting the phosphors for various applications. For instance, a 
thin screen of phosphor has optimal spatial resolution and poor X-ray stopping power. The 
effective use requires adequate knowledge of their characteristics in relation to detector 
components.67  
Table 2.4: Some properties of Phosphors for X-ray CCD Detectors.67 
 
 CsI:Tl NaI:Tb ZnS:Ag Gd2O2S:Tb (Zn,Cd)Se 
robustness hydroscopic very hydroscopic stable stable ___ 
efficiency (%) 10 13 20 15 19 
initial light fast slow fast slow fast 
persistence low low very high low low 
color green green blue green red 
 
          Factors such as spatial resolution, intensity calibration, geometric distortion, background 
subtraction, and detection quantum efficiency are used to characterize CCD detector for the 
quantitative usefulness.67  
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          A coupling system is generally employed to reduce image size due to smaller CCD chips 
in relation to the required field of view in imaging applications. The most widely used coupling 
systems are lens couplings (for high-resolution imaging and diffraction experiments) and fiber 
couplings (for crystallography experiments). It is known that fiber optical coupling is more 
efficient (brighter or high transmittance with a compact size of the setup) than the lens 
couplings;69 majority of X-ray computed tomography experiments at synchrotron facilities use 
the lens-coupling more because there is no known significant comparison using the same 
scintillator and CCD in both detectors.69 The high transmission of the fiber coupling makes it 
useful to compensate for low exposure time (or data collection time) and the X-ray dose. The 
fiber-coupled detectors are essentially useful for real-time imaging of high-speed experiments. 
The flexibility, robustness and ease of use make lens-coupled detectors useful in most computed 
tomography experiments69 and magnification of X-ray images.67 
2.6.3 Flat Panel Detectors  
	  
     Flat panel detector (FPD) can convert X-ray radiation in the same way as CCDs, and possess 
high DQE and large active area. The FPD consists of a scintillator slab coupled to a two-
dimensional squared matrix of photodiode array of amorphous silicon (a-Si).64 This a-Si is a 
good semiconductor that requires low voltage for biasing and can be machined into a large area 
(40 × 40 cm2) for light to current conversion. Thin film transistors (TFT) electronically analyze 
the electric charges formed by the photodiode array. This indirect approach has been in use for 
many years in radiography and computed tomography, but has a drawback of spatial resolution 
degradation.64 
          Alternatively, direct flat panel detectors omit the optical scintillator and consist of high-Z 
semiconductor, an amorphous selenium (a-Se) to convert the X-rays directly into electrons (no 
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scintillator), collected on a capacitor matrix coupled to a thin film transistor (TFT) for signal 
processing at each pixel. This method is efficient for producing higher spatial resolution, but the 
detection quantum efficiency (DQE) of a-Se (Z=34) is low at higher energy, above 12.67 keV.64 
To improve DQE, thick slabs and high voltages are applied to the Se semiconductor to drift the 
charge on the pixels to the TFT. The use of high voltage is delicate with the TFT electronics.64 
As a result, it has limited applications (mammography). The direct semiconductor flat panel 
detector a-Se (amorphous i.e. large area), Figure 2.17, has incomplete depletion of free charges; 
number of electrons generated from photon conversion is limited because others are hidden by 
the free charges. The semiconductor low performance can also limit the efficiency and collection 
of charge drift on the pixel. A single photon is very difficult to detect because of the high noise 
level in each pixel around 1,000 – 2,000 e–.64 
          Better high-Z semiconductors (CdTe, CdS, HgI2) have high DQE and dielectric properties, 
but are still under development and are limited to small areas.64 
 
Figure 2.17: Indirect and direct conversion in charge integration mode of various detectors. 
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2.6.4 Photon Counting Detectors 
	  
          These new categories of X-ray detectors are capable of detecting and measuring individual 
photons in imaging, rather than X-ray conversion to visible light  prior to measurement. It brings 
improvement in imaging quality, allowing postprocess and good photon estimation.64 Here, the 
semiconductor is fully depleted of free charges to be drifted and collected on the pixel using a 
moderate electric field. Detection of a single photon is possible with these integrated detectors 
having a very small pixel size (~50 µm) to lower the electronic noise to around 50 e– root mean 
square.64 
          One example of the photon counting detectors is CdTe (a semiconductor sensor: 650 µm 
thick CdTe) with an active area of 31 × 25 mm2, pixel size of 60 × 60 µm2, coupled to the chip 
channels of application-specific integrated circuit (ASIC) for providing the analog and digital 
treatment of the signal per pixel. In the semiconductor, X-ray photons are converted to a number 
of electrons, which is proportional to the photon energy.64 The drift of the charges in the sensor 
to their collection on the pixel, including the signal processing is < 100 ns on the time scale. 
With this time scale, it is possible to have an imaging rate of one MHz (one million of counted 
photon per pixel per second), without significant photon pile-up. Photon counting detector has a 
readout time of the order of 10 ms per frame, and there are hundreds of thousands of pixels in the 
detector.64 
          The CdTe sensor is a high Z semiconductor with high density (5.85 g/cm3), possessing a 
high detection quantum efficiency between 2 – 100 keV as shown in Figure 2.18. Silicon (Si) 
and selenium (Se) are not applicable for direct photon conversion because their DQE falls down 
at 30 and 60 keV respectively, shown in Figure 2.18. 
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Figure 2.18: The attenuation coefficient of elemental constituents (Se, Si, CdTe and 
photographic emulsion) in different detectors.64 
          For the CAMD stepped-grating interferometry experiments, a Si-based photon counting 
detector was used, a Pilatus 100K. Pilatus 100K operates in a single-photon counting mode with 
ability to convert directly X-rays into electric charges.65 It has the following properties: no dark 
current or readout noise, readout time of less than 3 ms, framing rate of over 200 images/s, 
excellent point spread function, active area (10.45 × 17.54 mm2), number of pixels (60 × 97 = 
5820), pixel size (172 × 172 µm), counting rate (2 × 106/s/pixel), good signal-to-noise ratio and a 
high dynamic range.65, 70 It is considered to be the next generation X-ray detector. The DQE of 
silicon sensor is optimal for experiments requiring 3–12 keV, but this detector can also be used 
for energies up to 30 keV or more. The high counting rate makes it suitable for the synchrotron 
source experiments.65 
          In short, photon-counting detectors have the following characteristics: high efficiency 
(direct photon conversion, crystalline semiconductor, low noise), high dynamic range, good 
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spatial resolution and contrast. Despite such advantages, they have limitations such as active 
area. Spatial degradation and energy underestimation can occur from non-linearity from the 
detector response due to a higher X-ray photon energy.64 
          We used the CCD detector for most of the experiments, and also, a direct photon counting 
(PILATUS 100K) detector in phase stepping grating interferometry in this work. 
2.7 Reconstruction 
	  
          Reconstruction is the method of getting the 3D volume from all of the imaged radiographs 
of the sample. Raw images are taken at different angular positions by allowing the sample to 
rotate on the rotation stage from 0° to 180° with fixed angle increment. After data acquisition 
(collection of raw images) with different forms of imaging set-ups such as X-ray K-edge 
tomography, single-shot interferometry and phase-stepping interferometry tomography, the raw 
images (2D) are reconstructed into 2D slices and 3D volumes. Only absorption (in the case of X-
ray K-edge tomography), and differential phase contrast with dark-field slices or volumes are 
obtained (in interferometry) for internal structures evaluation of the materials. There are various 
algorithms available for reconstruction and slightly different from K-edge to interferometry as 
previously described. The reconstruction algorithms for the Radon transform are: filtered-back 
projection, algebraic, and iterative. Software such as SNARK 09,71 Octopus,72 Muhrec,73 
Wolfram Mathematica and Matlab include these reconstruction algorithms.  
2.7.1 The theory of the Single-shot Interferometry Analysis via Fourier Image Analysis 
 
          The single-shot interferometry can be performed with a single grating positioned in the 
geometry of source-grating-sample detector. The grating-detector distance is set to a Talbot 
distance. The self-image at the detector is modulated by the phase evolution in the sample. The 
absorption, differential phase contrast, and dark-field images are calculated from comparison of 
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self-images with and without the sample present in the X-ray beam path. For the single-grating 
geometry, there is a requirement for the high detector resolution, several times smaller than the 
grating period.32 The detector resolution requirement can be relaxed by the use of an analyzer 
grating immediately in front of the detector with generates a Moiré pattern at the detector with a 
distance scale set by the relative orientation of the phase and analyzer gratings.32 This data 
analysis section is largely based on the work by the H. Itoh74 and co-workers for the phase-
analyzer-Moiré pattern geometry, is applicable to the present case of only a phase grating and 
detector.   




) to the analyzer grating.74 This means by using the Talbot effect, the 
interference between the X-rays beam and the phase grating produces the self image. The 
intensity of π-phase grating self image at position (x, y, z) is given by:74 
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where ψ is the Fourier series expansion coefficient of the phase grating period, nx and ny are the 
counting numbers, Pg is the phase grating period, Φ is the phase of the sample, and λ is the X-ray 
wavelength.  
          The self image is modulated by the sample, and the analyzer grating generates Moiré 
fringe at the position of (x, y, z), whose intensity is expressed as:74 
 𝐼!"#$% 𝑥,𝑦, 𝑧 =    𝐼!"#$ 𝑥,𝑦, 𝑧   ×  𝑇!"# 𝑥,𝑦                                                                                                                                                                       [2.36]    
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          The equation 2.36 can be approximately re-written in equations 2.37 to 2.39, where Tamp is 
the absorption coefficient of analyzer grating, a is the absorption component, b is the Fourier 
series expansion coefficient of the self image (Moiré fringe), mx and my are the counting 
numbers, Pg is the grating period, and φx and φy are the phase variations due to the sample.  
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          Because of the low spatial resolution of most X-ray detectors in relation to the self image, 
the transformation of self image to Moiré fringe is essential with the aid of analyzer grating.32, 74 
In addition to the X-ray wavefront being attenuated, it can also be phase shifted and scattered 
due to the interaction of the X-ray wavefront and the sample, in which the phase shift is detected 
from the change of Moiré fringe on the X-ray detector. Fourier transform method is applied to 
analyze the Moiré fringe/pattern as shown in Figure 2.19.74  
 
Figure 2.19: The Fourier analysis of Moiré pattern for the sphere phantom simulation generates 
differential phase contrast (DPC) image through the inverse of the Fourier transform of the first 
Fourier spectrum of Moiré fringe.  
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          As presented in Figure 2.19, the Fourier transformation of Moiré fringe gives the Fourier 
spectrum. The center spectrum (the 0th spectrum) leads to absorption X-ray component, and 
frequency spectrum (the 1st spectrum) has phase information, extracted as shown above. The 
DPC and dark-field images can be retrieved through the vertical and horizontal directions.  
The Fourier transform of the Moiré fringe intensity is expressed as follows:74 
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where kx and ky are the wave numbers, ⊗ is a convolution operator. 𝐴  and  𝐵 represent the 
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          By Wen et al.40, the spatial harmonic analysis was applied in the single-shot 2D-absorption 
grating interferometry to extract absorption, dark-field and DPC images as shown in Figure 2.20.  
     The central (0,0) harmonic image is affected only by the absorption and Compton scattering. 
On the other hand, (1,0) and (0,1) harmonic images measure the amplitude of grating fringes, 
and are attenuated by absorption and scattering (diffraction).40 All the three (3) modalities of the 
X-ray grating-based interferometry are expressed as follows:74 
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Figure 2.20: The spatial harmonic analysis using Fourier and inverse Fourier transformation of 
extracting absorption, dark-field and DPC images from the raw image. 
𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛!!,!! 𝑥,𝑦 = − ln 𝑏!"#$%&
!,! 𝑥,𝑦 𝑏!"#"!"$%"
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2.8 Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)  
 
          This is another useful technique for investigating various materials such as polymers, 
coatings, nanoparticles, adhesives, geological samples and more. The SEM is usually applied to 
screen the material structures for surface morphology.75 EDS is then followed as a technique for 
probing the detection of the elemental components, usually with atomic numbers ranging from 6 
to 92 and detectability limit of 0.1 wt% in the studied samples. A few micrometer-sized samples 
in diameter and depth (1–3 µm) are suitable for EDS analysis. In addition to elemental analysis, 
EDS can also be used as mapping tool to study the distribution of components within the sample 
surface.75  
Absorption 
Phase contrast (1,0) Phase contrast (0,1) 
Dark-field (1,0) Dark-field (0,1) 
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          It is known that heavy atoms of high atomic number, Z scatter strongly in comparison to 
the light ones.76 Therefore, the backscattering electron (BSE) mode imaging enhances the 
identification of the areas of distinct atomic number in the images for compositional 
information.75, 76 Such an example is shown in the Figure 2.21 with the BSE mode showing the 
bright contrast of Fe particles.76 
  
Figure 2.21: The comparison of SEM images of Fe particles in carbon with secondary electrons 
(left) and back-scattered electrons (right). 
 
2.9 Raman and FT-IR Spectroscopies 
	  
          These are good analytical techniques that are widely acceptable and used in a various 
disciplines of research for investigating the polymer structures, organic, inorganic compounds 
and more.77 Raman is a non-destructive technique originating from the inelastic scattering of 
radiation by the sample, and it is useful to study the surface properties of polymer matrices in 
terms of chemical aspects.78 The FT-IR is also useful to provide chemical information about 
components (presence, increase in species concentration).79 In combination with other 
techniques, structural changes in some polymeric systems can be examined as a result of 
different degrees of crystallinity in their structures.77 For instance, in the UL 94 burnt flame 
retarded polymers, they can be used to investigate the structural changes between the burnt and 
unburnt samples in terms of the functional groups occurrence. It is reported that FT-IR analysis 
coupled with the cone calorimeter has been a common method for polymer fire testing.80 In 
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brominated flame retardants, formation of gas bubbles (SbBr3, HBr and other SbOX) helps in 
scavenging of free radicals to inhibit combustion process.  
         For data sets, tomography results can reveal the formation of these gas bubbles, but the use 
of Raman and or FT-IR is a complementary for the confirmation of those gas bubbles. They 
might also be useful in analyzing the proportion of HBr and SbBr3 in burnt polymer systems 
where the two gas bubbles are essentially important in flame retardancy. Because of the rapid 
burn of flame retarded polymers by the burner or a candle, CO2 laser (for pyrolysis) coupled with 
a tomography (or interferometry) and FT-IR/Raman might be a good alternative for complete 
study of flame retardants. 
2.10 Visualization Tools 
	  
          Some of the visualization software used in this work includes ImageJ,81 Avizo,82 LLNL 
VisIt,83 ParaView84 and Volume Graphics.85 Those mentioned are free visualization software 
except Avizo and volume Graphics. The software is very useful in visualization and analysis of 
acquired data sets. They can be applied interchangeably during the data processing. The 
discussion here is focused on both the Avizo and the ImageJ. 
2.10.1 ImageJ  
	  
          The reconstructed data sets (volumes) have dimensions, formats and variables, which are 
essential to know during the data loading, otherwise, the displayed images will be wrong and 
meaningless for interpretation by the users. The data sets are 2D images of various slice 
numbers, which could range from 100 to 1500 depending on the data acquisition. The 
reconstructed volumes have different formats (such as tiff, HDF5, raw/binary, STL, CSV), which 
can be accessible by the visualization software. For instance, ImageJ can load data in either 
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HDF5, Image sequence, Tiff or raw, and Avizo can not open HDF5 data, but can open data in 
another variety of formats such as Tiff, raw data, CVS, STL and more.  
Illustration of importing the raw images by the ImageJ for visualization is shown in Figure 2.22. 
 
Figure 2.22: The raw data importation.	  	  
          After the data import, visualization and analysis are performed to understand the data. 
ImageJ has many imbedded functions for analysis the data such as mathematical functions, 
histogram, plot profile, surface plot, scale bar, calibration bar, cropping, transformation and 
more. It is the user’s interest to select any of this function for data analysis. Some examples are 
displayed in Figure 2.23 when a single slice is selected and cropped. The cropped representative 
slice has interesting features such as char, microcracks, gas bubbles and lumpy particles. Using 
the cropped slices or volumes, one can perform a line probe, histogram, scale and calibration 
bars for analyzing the data sets. Multiplication, subtraction and addition of two data sets can be 
performed using ImageJ with other useful commands in image analysis.  
 
ImageJ' File' Import' Raw' Data'selec4on' Open'
Input'image'parameters'as'shown'below'
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Figure 2.23: The analysis of absorption slice image using the ImageJ. 
2.10.2 FEI Avizo Visualization Software 
	  
          FEI Avizo is not a free image analysis software, but it has more advantages to be used in 
terms of a complex analysis such as rendering the volumes (comprising all the slices), averaging 
the voxels along a defined radius, increasing the sample number for display in volumes, image 
segmentation and more, FEI Avizo has superiority over the ImageJ. Before anything can be 
done, Avizo needs to be opened to load the data. Loading of data in Avizo is similar to described 
methods in ImageJ such as file, open data as, locate and select data, select file format, and enter 
the raw data parameters to okay for display. The Figure 2.24 shows some of the parameters of 
loading the raw data in Avizo, starting from the data type to voxel size. Filling the right 
parameters is essentially important for data.  
1728 × 1728 pixels; 32-bit 
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Figure 2.24: Raw data parameter loading in Avizo. 
          As shown in Figure 2.25, in the project view, the green icon represents the data and other 
icons such as yellow, orange are attributes (modules) for displaying the raw data as volume 
rendering, isosurface, and ortho slice. They are usually attached to the data for display, 
otherwise, nothing shows in the display view. Ortho slice and volume renderings are quick 
inspection for visualization and analysis of samples. Like in ImageJ, cropping of region of 
interest (ROI) can also be done in Avizo using the extract subvolume, which can be attached to 
the data by defining the ROI parameters, and large raw data can be compressed (or reduced) 
using the resample module. For this to be effective, one needs to click on the specific module to 
work on the data. In Figure 2.25, the ortho slice module is activated and its parameters are 
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adjusted in the properties view window. The same procedure is applicable to any other module 
one wishes to use for data analysis.  
 
Figure 2.25: Avizo display of raw data set: (a) project view; (b) properties area; (c) display view. 
          If one selects to display the ortho slice of the raw data, three orientations (xy, xz and yz), 
slice number, mapping tab and colormap edit are used to present the ortho slice details. A line 
probe can also be attached to the data to determine the value such as absorption, chemical 
concentration (vol%), dark-field and more. It is in xy, xz and yz planes. When a line probe is 
drawn, the data can be averaged along different radii, longitudinal width, number of samples 
with options to display average, minimum and maximum values. By clicking on the show button, 
it pops-up the plot in which the horizontal axis is the distance (ex. pixels, mm) and the vertical is 
the measured value (absorption, concentration). The volume rendering settings render the 3D 
volumes of the data sets. The adjustment is done by making the module active. The ortho slice, 
extract subvolume and volume rendering modules are shown in Figure 2.26.  
 
(c) Display view: such as 3D viewer 
(b) 
(a) 
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Figure 2.26: Examples of the visualization and analysis modules used for investigation of the 
raw data. They must be selected (clicked on) to be active for operation. 
          For the volume rendering, there are various options of colormaps to use for displaying the 
volume details during analysis. The colormap examples are sar.icol, standard.icol, blue.am, 
doppler.am, volrenPhysics.am, volrenGlow.am and more. There is another module associated 
with the volume rendering settings, called ROI box for volume rendering. It is also useful if one 
is interested to display certain part of the volume for analysis. For this, minimum and maximum 
parameters need to be changed to display portion of the volume, and different views are done 
also by changing the cropping parameters (subvolume, fence, cross, exclusion) in the properties 
area. For more information on the use of Avizo, the Avizo user guide can be found on their 
website. Other image software packages like Paraview and VisIt are less effective than Avizo 
based on my experience with their use. 
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CHAPTER 3. ANALYSIS OF FLAME RETARDANCY IN POLYMER BLENDS BY 
SYNCHROTRON X-RAY K-EDGE TOMOGRAPHY AND INTERFEROMETRIC 
PHASE CONTRAST MOVIES 
 
3.1 Introduction 
               The use of flame-retardants in polymeric materials is crucial in our daily life activities 
for safety. Almost everything around us is made up of polymeric materials such as electronic and 
electrical devices, furniture, textiles, construction materials, and transportation. Despite the vast 
applications of polymeric materials in consumer and industrial products, there is one major 
disadvantage related to flammability.1-9 Polymers such as polystyrene and polypropylene are 
flammable due to their chemical nature.10-12 One way to solve this intrinsic feature is the use of 
flame-retardants.1-2, 7-8, 10-11 Many studies have reported that the use of flame-retardants helps to 
reduce or inhibit their flammability so as to minimize and or inhibit fire propagation to save lives 
and property, and to protect the environment.1, 3, 13-17 Therefore, incorporation of safe brominated 
flame-retardants such as Saytex 8010®, Saytex 102®, and Green Armor® (Figure 3.1), into 
polymers during production in combination with their synergist in the right proportion can help 
to control polymer flammability for many applications.  
 

























1,2-bis(pentabromophenyl)ethane (Saytex 8010®)  3,4,5,6-tetrabromophthalic anhydride (Saytex® RB-49)  
1-(2,3,4,5,6-pentabromophenoxy)-2,3,4,5,6-pentabromobenzene 
(Saytex 102®)  
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          Synchrotron X-ray tomography has been used to visualize flame-retardant concentration 
distribution in polymer matrices.18-21 Multienergy synchrotron X-ray tomography has been used 
to determine the bromine and antimony concentrations based on their K-edge absorptions and 
deduce the flame-retardant, synergist, and polymer blend homogeneity.18-21 These experiments 
have been performed on pristine samples. Tomography has been shown to be a powerful, 
reliable, and informative 3D method for analyzing internal structures of materials inaccessible by 
SEM and TEM due to sample thickness.21  
          Herein, pristine, burnt, and burning samples are studied. To better understand flame-
retardant performance, there is a need to transform from static images of pristine or burnt 
samples to dynamic imaging of burning samples or samples heated to near-burning conditions. 
We use single-shot interferometry22 to acquire movies of samples from polymer test bars heated 
in a manner similar to the UL 94 test. Previous burnt samples, from UL 94 testing, are imaged 
with static, K-edge tomography. This experimental plan is adopted, as it is difficult to perform 
tomography on a burning sample; applications of fast tomography use rotation rates of up to 10 
Hz.23 It is more realistic to acquire 2D radiographic movies of burning samples. However, there 
is a limitation with current single-shot interferometry; the imaging field of view is small, and the 
burning sample can move out of the field of view. We think that with some minor improvements 
dynamic single-shot interferometry will be a vibrant and useful method for examining the 
chemical mechanisms of flame-retardants. 
          The Underwriters Laboratories “Tests for Flammability of Plastic Materials for Parts in 
Devices and Appliances” (UL 94) vertical burn test is a standard test method used in the 
flammability classification of plastic materials.24 Procedures and various classifications of the 
test method are available from Underwriters Laboratories, Inc.24 The samples examined in this 
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study had UL 94 ratings of V-0 and Fail (burnt to the clamp). Samples with a V-0 should self 
extinguish within 10 s after a flame is removed. Furthermore, the sample should not drip and 
ignite a cotton pad positioned underneath the burning test bar. For the flame-retardant 
formulations that nearly yield a pass, a burn time of greater than 30 s is the reason for a failure 
rating. The UL 94 test is extremely practical but does not provide detailed information with 
which to optimize a formulation. An adaptation of the UL 94 test into a high data rate, real-time 
imaging system yielding more detailed information on the burning process is desired. Figure 3.2 
(a) shows a representation for the UL 94 vertical burn test while Figures 3.2 (b) and (c) show the 
two X-ray imaging methods. 
 
Figure 3.2:  The UL-94 burn test and two X-ray imaging methods. 
          Single-shot X-ray interferometry is a recently developed method,22 and similar to the more 
common stepped-grating X-ray interferometry experiment.25-27 It can provide real-time imaging 
of a complex sample while generating three complementary image modalities: absorption, 
differential phase contrast, and dark-field images. However, adjustment of X-ray 
 (a) UL 94 vertical burn test 


























!(b) Schematic representation of K-edge tomography data acquisition
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monochromators is a slow process, so single-shot X-ray interferometry does not, as yet, access 
the K-edge absorptions in real time. In this project, single-shot X-ray interferometry is used at a 
fixed X-ray energy, chosen to be moderately transparent for a polymer UL 94 test bar. The dark-
field image yields information similar to small-angle scattering, and has been developed to 
examine composite structures.28-30 The X-ray flux and detector efficiency allowed up to three 
images/s. Due to safety considerations associated with a methane flame in the enclosed X-ray 
hutch, a high-intensity IR heater and simple candle were used as a heating source. In summary, 
the modified UL 94 test consists of the alternative heat source and 2D X-ray imaging with three 
imaging modalities. Also, K-edge tomography is used with burnt samples to extract chemical 
compositions at features of interest such as char layers. Figure 3.2 shows representations of the 
UL 94 test and the two X-ray imaging methods used in this work. More details for the imaging 
methods are described in the Experimental Section. 
          In this work, we studied a molecular brominated flame-retardant (BFR), Saytex 8010®, 
blended with the synergist antimony(III) oxide in high-impact polystyrene (HIPS). To study the 
effect of the components, four different formulations were studied: (1) only Sb2O3, (2) only BFR, 
(3) BFR with a low concentration of Sb2O3, and (4) normal concentrations of BFR and Sb2O3. 
Features seen in the pristine sample include minor phase separation of BFR and HIPS, 
informally referred to as “lumps”. The correctly formulated and burnt sample showed a variety 
of features: a char layer, gas bubbles in the sample interior, and some dissolution of the BFR and 
Sb2O3 lumps. Dynamic X-ray imaging of the burning sample shows dissolution of lumps, sample 
flow due to low viscosity and gravity, evolution of the gas bubbles, merger of the gas bubbles, 
and an apparent lack of gas bubbles near the burning polymer surface. The extensive data from 
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the 2D movies and 3D composition analysis postburn provide far more insight into flame-
retardant performance relative to the simple UL 94 test. 
3.2 Experimental Section 
3.2.1 Samples 
          Samples were prepared at Albemarle by combining known masses of BFR, Sb2O3, and 
HIPS and compounding in a ZSK 30 mm twin screw extruder. The test bars were molded on a 
BOY 30A injection molding machine with the dimensions 12.5 cm × 1.3 cm × 0.32 cm (4.9 in. × 
½ in. × 1/8 in.). The sample formulations, both wt% and vol% are given in Table 3.1. Conversion 
from wt% to vol% was based on ρ(HIPS) = 1.04 g/cm3, ρ(Sb2O3) = 5.67 g/cm3, and a calculated 
density of ρ(Saytex 8010®) = 3.25 g/cm3 based on the procedure of Cao.31 For example, the 
conversion of wt% BFR to vol% BFR starts with the assumption of 100 g of sample, the 
calculation of the volume of each component, and the ratio of the volume of BFR relative to the 
sum of all volumes. The UL 94 tests were performed at Albemarle using, as prescribed by the UL 
94 procedure, a calibrated methane flame and a suspended test bar in a chemical hood with 
ventilation temporarily suspended. Pristine and burnt samples were cut from the test bars to 
approximately 2.5 mm in cross-section and 4 mm long. Samples for burning were cut to similar 
dimensions, on the order of 0.1 g, so as to limit soot and gas production in the X-ray hutch at the 
synchrotron. 
        In some cases, more than one cut was taken from the same burnt polymer bar for a better 
understanding of BFR/Sb2O3 homogeneity and performance, especially in sample D. Numerical 
and prime nomenclature will be used for identification of samples studied with K-edge 
tomography, single-shot interferometry tomography, and X-ray interferometry movies; see Table 
3.2. 
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Table 3.1: Composition of Polymer-Blended Samples Used for UL 94 Test, Single-Shot 
Interferometry Tomography, K-Edge Tomography, and Interferometry Movies. 
      




A1, B1, C1, D1, D2: cuts from burnt 
polymer bars used for K-edge tomography 
 
A’, B’, C’, C”, D’, D” = cuts from burnt 
bars for single-shot interferometry 
tomography 
D3: cut from unburnt/fresh polymer bar 
used for K-edge tomography 
Cuts from fresh/unburnt polymer bars from 
samples A, B, C and D for burning while 
taking movies. 
 
3.2.2 CAMD K-Edge Tomography      
	  
          The LSU CAMD synchrotron tomography beamline used a 7 T wavelength shifter to 
generate X-ray flux for a double multilayer monochromator, operated at 12 to 32 keV, typically 
12, 15, 17, 25, 29, and 32 keV with a 3% bandpass. The beam size at the sample was 1.3 mm 
high and 30 mm wide. The sample was mounted on a precision rotation stage atop two tilt stages, 
a vertical translation stage, and a translation stage transverse to the beam. The sample-to-
scintillator distance was 10 mm. The 0.5 mm thick Ce:YAG scintillator (Marketech 
International) was imaged with a 45 mm working distance lens (Optique Peter) and a Princeton 
Instrument PIXIS 2KB CCD. The CCD pixel size was 13.5 µm; combined with the nominal 5.4× 
magnification, the effective pixel size was 2.5 µm. The exposure time was set to 2 s for a beam 
current of 120 mA at 12 keV. The typical field of view was 1500×512 pixels, corresponding to 
3.75 mm × 1.28 mm. 
 composition (wt%), [vol%] 
components sample A sample B sample C sample D 
HIPS 96, [99.2] 88, [95.8] 87, [95.6] 84, [94.8] 
    BFR (Saytex 8010) 0, [0] 12, [4.18] 12, [4.22] 12, [4.34] 




          Projections were acquired over the range of 0° to 179.5° at 0.5° increments. Each raw 
image was corrected with reference images obtained with X-rays on and off; three X-ray on 
images were collected every 15 degrees and five X-ray-off images were collected at the 
beginning of the experiment. For the time-correlated image averaging used to reduce scintillator 
defects, the sample was imaged, translated to one side by 20 pixels, and imaged again. 
3.2.3 APS Single-Shot Grating Interferometry Movies   
	  
     X-ray single-shot grating interferometry movies were acquired at APS 32-ID-C operating at 
36 keV.  Small polymer samples, mounted horizontally, were heated with a 250 W Spot IR 
heater; the heater power was remotely controlled from a Variac placed at tomography 
workstation. Fumes from the sample were collected by a SentryAir smoke extractor with 
charcoal and HEPA filters; no significant odor was noted in the hutch after any experiments. The 
total combustible sample mass was limited to less than 0.1 g.   
         Movies were acquired with a single-shot interferometry method using a single linear phase 
grating combined with a high-resolution imaging system. The 36 keV, π/2 (nominally an 18 keV, 
π-phase shift) phase grating was fashioned with 6.4 µm thick Ni on Si with a 4.8 µm period 
linear pattern. The linear phase grating was mounted horizontally at the first Talbot distance, 334 
mm upstream from the 100 µm thick scintillator, a single-crystal lutetium aluminum garnet 
doped with cerium (LuAG:Ce) scintillator.32   The scintillator was imaged with a Sensicam PCO 
CCD with 6.45 µm pixels, 1280×1024, 12-bit CCD with 10× optical magnification. The frame 
rate was 3 Hz.   
          X-ray single-shot grating interferometry movies were also acquired at 1-BM-B with a 
checkerboard phase grating, 9.6 µm period, π/2 at 22 keV fashioned from Au 2 µm thick on 




scintillator. The frame rate was 1 Hz.  Small, 0.1 g polymer samples were heated with a small 
candle; the position of the sample was varied with XY-translation stages and a joystick. A Sentry 
Air smoke extractor with charcoal and HEPA filters collected fumes from the samples; no 
significant odor was noted in the hutch after any experiments. The total combustible sample 
mass was limited to less than 0.1 g.   
3.2.4 APS Single-Shot Grating Interferometry Tomography  
	  
          X-ray single-shot grating interferometry was used for tomography at APS 2-BM-B. A 
checkerboard phase grating with 4.8 µm period, π/2 at 22 keV was mounted at the first Talbot 
distance 306 mm from the scintillator. The LuAG:Ce scintillator was imaged with 10× optical 
magnification and a CoolSNAP K4 2048×2048 CCD camera with 7.4 µm pixels. The exposure 
time was 0.55 s per projection. Projections were acquired from 0° to 180° by 0.12° increment.  
Reference images were collected before the 0° projection and after the 180° projection. Figure 
3.2c shows the single-shot grating interferometry set up for the tomography data acquisition.  
3.3 Computational Section  
	  
3.3.1 CAMD K-edge Tomography   
	  
     To process the time-correlated images, an ordered list of all left and right raw image 
filenames and reference image filenames was generated; the list was particularly important as the 
reference image set was updated throughout the tomography experiment. Both left and right raw 
images were converted to absorption images, calculated as (𝐿 + 𝑅 +    𝐿 − 𝑅 )/2 where L and R 
are the left and right absorption images, respectively. All absorption images were stored in both 
FITS and HDF5 format. MuhRec, with FITS images, was used for preliminary tomography 
reconstructions;33 ASTRA (GPU enabled)34 was used for filtered back-projection reconstruction. 




reconstruction, the intensity values within the slices were normalized to the values of the 
absorption images; the row and column sums of a slice were compared to corresponding line 
probes across the 0° and 90° absorption images. If needed, an averaged gain and offset correction 
for all slices were applied until the intensity values in the slices best matched the absorption 
images.  
          At this point, five to six volumes of tomography data were available at X-ray energies 
spanning 12 to 32 keV. Inspection of the reconstructed volumes showed related features across 
all X-ray energies, though with up to a several pixels position shift ascribed to a beam shift 
originating in the monochromator. Rigid translations were used to align all volumes to the 12 
keV volume. The sample formulations from Albemarle are given in weight percent, while K-
edge tomography yields a volume percent (see Table 3.1). The mass attenuation coefficients, µ/ρ 
(cm2/g),35 for X-rays in the range of 1–100 keV were obtained from the NIST XCOM database 
(http://www.nist.gov/pml/data/xcom/); 50 values of the total attenuation with coherent scattering 
were downloaded and used to develop a linear interpolation function. A binary sample mask was 
derived from the 15 keV tomography volume; at this energy just above Br K-edge, the extent of 
the sample is most clearly defined.  
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Solving for the volume fraction concentrations gives: 
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where G is given by 
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          The measured X-ray attenuation is, after reconstruction, three-dimensional. That data is 
flattened into a one-dimensional vector, processed with equations 3.1-3.3, and then restored to 
three-dimensional data sets for the component concentrations.36 Equations 3.1-3.3 do not account 
for partially occupied voxels that occur along the surface of the sample or at voids; thus, the 
binary mask described above is applied to the component concentrations to set partially occupied 
voxels to zero concentration. Voxels are also set to zero at the boundaries of the volume that 
were affected by the translation operations used to align the volumes. A median filter (radius = 1) 
was applied. Lastly, any voxels with negative component concentrations are reset to zero 
concentration and then the concentration volumes are saved in HDF5 format. In one test, the 
Mathematica and Matlab codes were embedded into a VisTrails workflow for the purpose of data 
provenance.37  
          Figure 3.3 shows sharp changes for the mean voxel linear attenuation at 13.47 keV and 
30.49 keV at the Br and Sb K-edges, respectively. The black, solid line is for a fitted linear 
attenuation for a burnt sample while the blue, dashed line represents the linear attenuation 
expected for a sample with the original formulation. The reduced concentration in the burnt 
sample indicates consumption of the flame-retardant components as a char layer is formed. 
3.3.2 APS Single-Shot Grating Interferometry Movies   
	  
     The interferometry images were processed based on the procedure of Wen et al. by a 
comparison of the FFT of reference and sample images.22, 38 First, all raw images were corrected 
with an average of 10 images X-ray off. The reference image, also an average of 10 images, was 





Figure 3.3: Mean voxel linear attenuation vs X-ray energies of sample D as expected for the 
original formulation (dashed line) and as measured for a burnt sample (solid line).   
          Peak picking yielded the row and column coordinates of a horizontal, H01, and a vertical, 
H10, harmonic as well as the center peak; notations and coordinates are given as (row, column). 
The harmonics were well separated from the central peak as defined by the period (distance in 
pixels): P01 = 410, P10 = 486 pixels. All three peaks, H00, H01, and H10, were extracted with 
regions based on the periods, filtered with a sine bell, and zero-filled to the original image 
dimensions; the H01 and H10 harmonics were shifted to match the (row, column) coordinates of 
the central peak.  An inverse Fourier transform yielded three reference images: R00, R01, and R10. 
The sample image was similarly processed to give three images: S00, S01, and S10. The six images 
were then combined into absorption (A), differential phase contrast (DPC) vertical and 
horizontal, and dark-field (DF) vertical and horizontal: 
𝐴 = − ln !!!
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          In addition to absorption images, the interaction of the X-ray beam as it passes through the 
structures within the sample causes a small-angle scattering, leading to formation of the dark-
field images,39 as shown in equations 3.7-3.8. The interferometer setup determines the scattering 
length for generation of the dark-field image. The differential phase contrast (DPC) images are 
generated from the phase shift (or refraction) of the X-ray beam through interaction with the 
sample.26  
          For well-behaved samples, that is, low atomic number constituents or conversely, high X-
ray energy, the problem of phase wrapping is minimal; the differential phase lies in the range of 
[–π, π)/pixel. However, the high bromine and antimony content of these samples combined with 
the low energy radiation, 22 keV, created multiple phase wraps (loss of phase information) 
throughout the samples. The algorithm of Haas et al,.40 which uses a derivative of the absorption 
image to guide phase unwrapping,41 was tested but could not resolve the extensive phase wraps 
associated with the dense bromine and antimony domains. When unwrapped differential phase 
contrast images are available, the horizontal and vertical images can be combined with 2D 
integration to give a single-phase contrast image.42 However, the uncorrected phase wraps due to 
bromine and antimony in the sample made phase integration unreliable. The DPC data will be 
presented in this work only as projections, not as reconstructed volumes. 
3.3.3 Avizo and ImageJ Visualization 
	  
          The irregular and changing shapes and contrast of the pristine, burning, and burnt flame-




over ImageJ in rendering volumes of reconstructed data sets. It also has some similar features 
with ImageJ such as cropping data, slices display, color bar, scale bar and line probes.43 To 
display data in 3D for additional information, Avizo software is much preferred. Orthoslices 
(Avizo and ImageJ) are frequently used for quick assessments of reconstructed tomography 
volumes.  However, an orthoslice shows a very small fraction of the tomography volume, hence 
“Z-projection” (ImageJ) was also used to emphasize maximum intensity values in volume along 
the view direction. A line probe is computed with radius equals 10 for the perpendicular 
sampling disk, as shown in Figure 3.10.  
3.4 Results And Discussion 
	  
          The UL 94 polymeric burn test has great practical value but fails to provide insight for 
formulation improvement. Herein, advanced X-ray imaging methods are used to enhance the 
test. For validation, authentic UL 94 samples are studied postburn with X-ray interferometry 
tomography and K-edge absorption tomography. The advanced UL 94 test consists of X-ray 
interferometry movies that show the creation and evolution of the features seen with absorption 
tomography.   
          It is difficult to adequately sample a burnt test bar. The burnt bar is long and fragile, and 
the selection of a representative section is not obvious. In one experimental series, six samples 
were studied from the four test bars using the relatively fast single-shot interferometry 
tomography experiment; we note that each tomography volume represents about 1 mm3 excised 
from a long test bar. There are obvious correlations between the optical images (see Appendix A, 
Figure S3.1) and the X-ray transmission and dark-field images. However, concerns about 
sampling density inspired another experimental series, the X-ray single-shot interferometry 2D 




sample during a burn. Movies are, by necessity, acquired at a single X-ray energy and do not 
allow for the quantification of concentration gradients. For that reason, K-edge absorption 
tomography experiments were also performed; these are the lengthiest studies of this series. The 
presentation order is as follows:  
(1) survey of burnt samples with single-shot interferometry tomography  
(2) K-edge absorption tomography of pristine and burnt samples 
(3) single-shot interferometry 2D movies of burning samples 
(4) review of features noted in the tomography volumes and the movies 
3.4.1 Sample Survey With Single-Shot Interferometry Tomography 
	  
           Six samples from the four formulations, A, B, C, and D, were imaged with single-shot 
interferometry tomography. In the UL 94 vertical burn test, sample D passed. Samples A, B, and 
C failed as the underneath cotton was ignited. The burn tests showed sample C has a better 
performance than B and much better than A, the sample without BFR. 
          The single-shot interferometer has a small, 1.5 mm × 1.5 mm, field-of-view due to both 
the limited fabrication size of the checkerboard grating and the need for a high-resolution 
detector. The samples were mounted on MiTeGen mounts for fast sample changing. Optical 
photographs of the samples were taken to help us locate the char layers in the tomography 
volumes. The results for one of the D samples are shown in Figure 3.4. The partial dissolution of 
BFR and Sb2O3 is noted in the absorption image. Conversely, the char layer is visible as heat-
induced dissolution and/or decomposition of the BFR; in many views, the char layer appears 





Figure 3.4: Optical image of sample D’, having the correct BFR and Sb2O3 formulation and 
taken from UL 94 test burn bar, shows a char layer and a nearly pristine interior. X-ray single-
shot interferometry/tomography results for absorption and dark-field volumes, both volume 
rendering and orthoslices, show the char layer. The interior region also shows the effects of 
heating, especially in the dissolution of BFR lumps and the formation of gas bubbles. The 
differential phase contrast (DPC) images show phase changes along both directions of the 
checkerboard grating; the DPC projections show the gas bubble generation in the sample interior.  
          Interferometry yields two new imaging modalities: dark-field and differential phase 
contrast images. In Figure 3.4, the dark-field image shows signals due to small-angle X-ray 
scattering. In this case, undissolved lumps of BFR and Sb2O3 create a speckle pattern in the 
sample interior.  The dark-field image highlights cracks in the char layer.  Cracks between 
interior gas bubbles and the sample surface are believed to be important for transport of SbBr3 
and other free-radical trap gases. However, the cracks visible in dark-field slice of Figure 3.4 
may have formed well after the UL 94 burn test, either with sample cooling or with stress applied 
while cutting the sample from the test bar.    
          Cracks are visible in both absorption and dark-field images. For a crack to be visible in the 
absorption image, it must have a width of a few pixels. For a crack to be visible in the dark-field 
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image, it must have a width less than the scattering length as defined by the interferometry setup:  
d = l λ/p where d = scattering length, l = sample-to-detector distance, p = effective pixel size 
(grating period), and λ = X-ray wavelength. Here, the scattering length is 1.2 µm. 
          As noted previously, the large UL 94 test bar and the small interferometry field-of-view 
lead to concerns about adequate sampling along the test bar. One other sample, D’’ yields similar 
images to those in Figure 3.4 (see the Appendix A, Figure S3.5).   
          On the basis of a nearly similar formulation, though created with insufficient Sb2O3 (see 
Table 3.1), sample C’ is a very interesting sample. Figure 3.5 shows an optical image and the 
volume renderings and orthoslices; again, we observe a char layer almost protecting a nearly 
pristine interior (see the Appendix A, Figure S3.4, for images of C’’). For this sample, gas 
bubbles are most easily seen in the DPC projections.  
 
Figure 3.5: Optical image of sample C’, having the correct BFR but with insufficient Sb2O3 
formulation and taken from UL 94 test burn bar, shows a char layer and a nearly pristine interior.  
X-ray single-shot interferometry/tomography results for absorption and dark-field volumes, both 
volume rendering and orthoslices, show the char layer and undissolved lumps of BFR and Sb2O3 
in the interior.  Gas bubbles are visible in the DPC projections.  
          The images of samples A’ and B’ are included in the Appendix A, in Figures S3.2 and S3.3, 
respectively. Sample A’ shows neither char layer nor gas bubbles. In sample B’, images show 




DPC projection horizontalDark-field slice
Char 






formation of a char layer and gas bubbles, especially visible in the DPC vertical and horizontal 
images. 
3.4.2 K-Edge Absorption Tomography 
	  
     The results of brominated flame-retardant (BRF) and Sb2O3 concentration studies from K-
edge tomography are reported. Most samples are partially burnt, giving a concentration gradient 
across the remaining char layer, if formed. There is a large range of concentrations, which is 
addressed with several viewing methods, and supplemented with histograms. All of the viewing 
methods tend to emphasize blend heterogeneity, “lumps”; the histogram analyses will show the 
quality of the blended polymeric samples. The goal of this section is to establish the 
concentration gradient of BFR and Sb2O3 required for a successful char layer. 
         To measure BFR and Sb2O3 spatial concentration in burnt test samples, tomography at 
multiple X-ray energies was carried out at the LSU CAMD synchrotron. The X-ray energies 
range from 12 to 32 keV, spanning the Br and Sb K-edges at 13.47 and 30.49 keV, respectively. 
The multiple X-ray energy tomography volumes are then combined into concentration volumes 
expressed as vol% BFR and Sb2O3. These volumes complement the APS 
tomography/interferometry data taken at a single X-ray energy, which cannot separate Br and Sb 
absorptions. In fact, single-energy X-ray imaging can be misleading; visualization with 
autoscaling intensity can give the impression of extreme heterogeneity. The K-edge imaging in 
this section will establish the concentration ranges within the samples. To recap, sample D has 
the correct formulation; sample C is deficient in Sb2O3; sample B omits Sb2O3; and sample A 
omits BFR. Furthermore, sample D passes the UL 94 test and sample C nearly passes. Later, we 
will show histograms to clarify the BFR and Sb2O3 concentration distributions, which are well 




          The samples have high X-ray attenuation at 12 keV where Br is a strong X-ray absorber, 
limiting samples to diameters less than 3 mm, though larger than the APS single-shot 
interferometry experiments which are limited by X-ray optics to 1 mm diameter. The high X-ray 
attenuation allows a fast survey of features in the burnt test samples, as shown in Figure 3.6, 
which shows a “stacked slice” view based on maximum intensity along the viewing dimension. 
For these nonuniform shaped samples, stacked slice provides fast views for preliminary 
evaluation. The stacked slice view emphasizes BFR and Sb2O3 inhomogeneity, though gas 
bubbles are not seen. The char layers in samples B1 and D2 shown in Figure 3.6 are identified 
based on homogeneity, with D2 having the thicker char layer. Figures for samples A1, C1 and D1 
are included in the Figure S3.7 of the Appendix A. The sharp definition between char layer and 
interior is consistently observed across all samples. Sometimes, features attributed to inorganic 
deposits on the surface are observed, as well as features attributed to the flow or drips of molten 
polymer. This preliminary analysis indicates a need for assessment of the lumps, especially the 
maximum concentration of BFR and Sb2O3 within the lumps, and the concentration gradients 
across the char layers. 
          A key feature detected in the burnt samples used for K-edge tomography is gas bubble 
formation, as seen in Figure 3.7, and also found in the single-shot tomography data. Gas bubbles 
are one of the required features for a UL 94 pass. Sample A1 contains only Sb2O3 in HIPS, Table 
1, and no char layer or gas bubbles were found; there is no appearance of a gaseous polymer 





Figure 3.6: Stacked slice of maximum intensities of burnt sample B1 and D2 at 12 keV. This 
view method in sample B1 shows the start of a char layer through an absence of lumps of high 
BFR concentration.  Gas bubbles are not visualized well in maximum intensity views. Figure 
S3.8 in the Appendix A includes images for 29 keV, where Sb is a strong X-ray absorber. 
 
Figure 3.7: Orthoslices from the 12 keV tomography volumes show that BFR and heat are 
needed to generate gas bubbles. Sample A, consisting of only Sb2O3, and unburnt D3 do not have 
gas bubbles, excluding entrapped air as a source of gas bubbles observed in the burnt samples. 
Concentration variations are seen for both A, only Sb2O3 and B, only BFR, as lumps. Char layer 
appearance is recognized more in sample C1 than B1. Sample D1 with optimal formulation also 
shows a lumpy structure. Sample D1 has the most well-formed char layer; the cracks in the char 
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 Sb2O3, decompose to form gas bubbles presumably containing HBr, SbBr3, and antimony oxide 
halides.7, 44-45 These gases act as free radical scavengers and play an essential role in flame 
retarding performance of brominated flame-retardants.7, 44-45 The absence of a char layer and gas 
bubbles in sample A, which burnt readily, indicates that both features require BFR and Sb2O3. 
          Samples B1, C1, and D1 are similar in regard to gas bubble formation. The observed 
differences, noted in Figure 3.7, are the thickness of the char layer and lump appearance. Most 
gas bubbles are found within the interior burnt polymer blend, with very few in the char layer. 
We suspect that gas bubbles deflate in or near the char layer, providing quenching agents for the 
free radicals in the gas phase. The gas bubble deflation in the char layer might occur through 
microcracks as shown in the burnt sample D1. An unburnt sample D3 was imaged for 
comparison to burnt sample D1. While microcracks were often seen in burnt D, in the absence of 
real-time imaging, we cannot prove the microcracks existed during the UL 94 test, or are an 
artifact of postburn cooling or stress from sample extraction. 
          Figure 3.7 also shows the interior of burnt samples; the lumps are associated with both 
BFR and Sb2O3, and the lump sizes vary significantly. The lumps are largest in sample B1 
containing only BFR. Incorporation of 1 and 4 wt% Sb2O3 aids dissolution of BFR as seen in 
samples C1 and D1, respectively. An additional image is provided in the Appendix A, Figure 




     The Saytex-8010 and Sb2O3 concentration distributions within burnt and unburnt polymer 
samples are shown in Figure 8. The histograms are based on 106 randomly chosen voxels within 




Table S3.1). For the unburnt samples, the mean vol% are in approximate agreement with the 
formulations listed in Table 3.1, to within 0.63 vol % (BFR) and 0.12 vol% (Sb2O3). The 
difference between the formulation and the concentration as measured with tomography may be 
due to several factors: the assumption of additive volumes, the estimated density for the 
brominated flame-retardant, scintillator defects, or (most likely) the relatively small tomography 
sample volume, a few cubic millimeters. The maximum vol% is well less than 100%; no voxels 
are detected that contain only BFR or Sb2O3, thus, the samples are blended at the 2.5 µm scale. 
The standard deviation is moderate, about one third to one fourth the mean concentration. 
Interestingly, the change in standard deviation aids in the detection of the char layer.  
          The burnt sample D1 histograms show both reduced mean and standard deviations, 
consistent with the preliminary inspection shown in Figure 3.6; the BFR has been consumed to 
produce the char layer, reducing the mean concentration, and lumps have dissolved into the 
polymer, reducing the standard deviation.   
	  
	  
Figure 3.8: Histograms of BFR (Saytex 8010) for pristine D3 and burnt B1, C1, and D1 with 0, 




based on a threshold of 5.1 vol%; the lumps account for a small fraction of BFR as 95.8% of the 
BFR is blended in the polymer matrix.  
            Previous work has indicated that almost all BFR (Saytex BT-93) and the synergist, Sb2O3 
blend well in HIPS.21 For unburnt D3 (see Figure 3.7 for 12 keV orthoslice), at a threshold of 5.1 
vol% for lump detection, 95.8% of the BFR is blended in the polymer. As the samples are burnt, 
BFR is consumed as gases are produced and char layers formed, resulting in a decrease in the 
mean BFR concentration. As the lumps dissolve, the high concentration side of the histogram 
disappears. The Sb2O3 histograms are similar to their BFR counterparts and are given in Figure 
S3.10 and Table S3.2 of the Appendix A. 
          The histograms show the effect of char layers, especially for burnt sample D1 where the 
high concentration lumps have largely dissolved with heat. With burning, the BFR is consumed 
as shown by the reduced mean concentration. Visually, the sample D1 char layers appear 
homogeneous. This is supported by the histogram for burnt sample D1, which has the smallest 
standard deviation. In spite of the appearance of the orthoslices in Figure 3.7, no voxels 
containing pure BFR are detected; the greatest concentration of BFR found is 29 vol%. 
3.4.4 Volume Rendering, Orthoslices, And Line Probes 
	  
         When polymer blends are burnt according to UL 94 test, the four studied samples 
responded differently with respect to burning time, cotton ignition, and dripping. We show 
features of the unburnt and burnt sample D (D3 and D2) using their orthoslice and volume 
rendering. Figure 3.9a,b represent BFR and Sb2O3 vol% in the unburnt sample, respectively. We 
can infer a good miscibility of both BFR and Sb2O3 in HIPS even though there are lumps visible 
at [BFR] ≥ 5.1 vol% and [Sb2O3] ≥ 1.4 vol%. Upon burning, the sample changes greatly. Gas 




more easily seen in the volume rendering with BFR (Figure 3.9c) than with Sb2O3 (Figure 3.9d); 
the former shows two distinct regions. The interior of the burnt sample looks different from the 
pristine unburnt sample due chemical changes that have occurred to materials because of heating. 
These include bubble formation, and somewhat higher concentrations of Br and Sb between the 
interior and the char layer.  
   
Figure 3.9: Volume renderings and inscribed orthoslices of both unburnt and burnt sample D for 
both BFR and Sb2O3 showing two distinct layers in the char layer region of reduced bromine and 
antimony concentrations, expressed as vol% of BFR and Sb2O3. Char layer, bubble formation 
and concentration gradients are used to differentiate pristine polymer from the char layer. 
          Burnt samples of different formulations; B1, C1, D1 and D2, and unburnt D3 were studied 
with K-edge tomography. Up to six data sets of different X-ray energies spanning the Br and Sb 
K-edges were acquired and converted into concentration volumes expressed as vol% BFR and 
Sb2O3. The concentration gradients across the char layer to the interior pristine blends are 
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compared with line probe plots (radius = 10 pixels = 50 µm) in Figure 3.10. The duplicate 
sampling of burnt D highlights the variability inherent in cutting samples from a UL 94 test bar. 
For these probes, burnt D samples have a substantially thicker and more complex char layer than 
B1 and C1. These views of the end results of a complex dynamic process combined with UL 94 
measurements are suggestive of the kinetic processes. The UL 94 data shows C1 burns longer 
than D. 
 
Figure 3.10: Line probes (radius = 10) for comparing BFR concentration in vol% from the air 
through the char layer and into the interior for burnt C1, burnt B1, burnt D1, burnt D2, and 
pristine D3. The x-axes of the burnt samples are mutually registered based on the distance for the 
1.5 vol% concentration. The corresponding Sb2O3 line probe plot is shown in the Appendix A, 
Figure S3.16.   
         There are clear differences between unburnt and all burnt samples as indicated in Figure 
3.10. It shows that unburnt D3 has the highest BFR concentration, which is expected in 


























uniform across the studied length. For the burnt D1 and D2, it is evident that BFR has been 
consumed at the char layer. It is interesting to see discontinuities in the plots, as seen in the visual 
assessment of Figure 3.9. BFR and Sb2O3 decompose to gaseous species, which are forming 
and/or preserving the char layer and creating gas bubbles in the interior. In principle, the char 
layer protects the interior to minimize further burning of the material, with protection by any of 
several mechanisms.46-49 These line probes and volume renderings are consistent with flame 
inhibition by radical traps and with thermal insulation of the interior. The optimum formulation, 
sample D, has the thickest and most structured char layer. There are deposits rich in Sb on the 
char layer surface. For samples B and C, with suboptimum formulations, simple imaging shows 
features which look like a char layer, Figures 3.5 and 3.6, yet do not have the concentration 
gradients of a successful char layer as shown in Figures 3.9 and 3.10. We conclude that K-edge 
tomography is extremely valuable in the identification of a protective char layer, but like all 
postevent analyses, crucial details of the dynamic processes are omitted.   
          Before these experiments, one might have expected the line probe across the burnt D char 
layer to have a higher BFR vol% than burnt B and C, but the results proved otherwise. The 
results for the B1, C1, D1 series, with constant 12 wt% BFR and 0, 1, and 4 wt% Sb2O3, 
respectively, show the synergism between BFR and Sb2O3 as well as the necessary consumption 
of these species to create a protective char layer. The synergism is apparent in both pre-burn with 
the lump structure (Figure 3.7), and postburn with the char layer thickness. The Appendix A 
contains additional views of K-edge tomography data processing and views of burnt samples 






3.4.5 Single-Shot Grating Interferometry Movies   
	  
          Phase contrast interferometry was carried out twice to produce 2D projection movies of 
burning samples. The objective is to complement the tomography K-edge results of the burnt 
samples. These movies demonstrate that it is possible to observe dynamic features during 
burning that are inaccessible in static postburn samples. Absorption, dark-field and differential 
phase contrast images were extracted from single-shot interferometry. The obstacles for sample 
ignition and combustion at a synchrotron included limiting toxic gas generation, avoiding 
explosive gas conditions from the UL 94 methane burner, reliably igniting the sample, and a 
limited field of view due to X-ray optics. Sample quantity was limited to 0.1 g per experiment. 
The methane gas Bunsen burner of the UL 94 test was replaced first with a high-intensity IR 
heater, an IR heater supplemented with an electric spark, and finally with a candle. The IR heater 
did not ignite the small, 0.1 g sample; the candle did ignite the sample, though it added a sample 
tracking complication.  
          The objective of the experiments was to observe the following: gas bubble formation, 
merging, and deflation; BFR and Sb2O3 lump dissolution; microcrack development; polymer 
flow; and possible development of a char layer. Movies were acquired for samples B, C and D 
while undergoing combustion. Representative movie frames are shown in Figure 3.11. The fast 
combustion of sample A and the limited field-of-view prevented effective imaging of this 
sample. Time zero is set based on first observation of heat effects in the sample. In the single-
shot interferometry experiment, each CCD image is a complete interferogram, thus the 
absorption, differential phase contrast, and dark-field images are acquired simultaneously. The IR 




pixel size is 0.645 µm; the field of view is 0.34 mm ×	 0.28	 mm for the images shown in Figure 
3.11. 
           In absorption and differential phase contrast images, development of bubbles formation is 
observed. The dark-field (or small-angle scattering) images are less effective for monitoring 
bubble formation, but do reveal the BFR and/or Sb2O3 lumps as speckles at the beginning. 
 
Figure 3.11: Selected movie frames of sample D (absorption (ABS), differential phase contrast 
(DPC), and dark-field images) as it is heated toward combustion with an IR heater.  
           By 14 s, speckles are fewer and there are more gas bubbles. The heat from the burner 
flame causes the BFR-Sb2O3 lumps decomposition as the burning of polymer blend progresses to 
make gas bubbles, thereby, reducing the lump speckles at 14 s. The absorption and DPC images 
have better contrast for the gas bubbles. At 0 s, the 36 keV single-shot interferometry 2D image 
is consistent with the 3D K-edge tomography of an unburnt sample, D3. At 0 s, the sample has 
not started burning and there is no evidence of bubble formation. There is a development of gas-
bubble formation at 7 s with more bubbles forming as the burning progresses. The gas bubble 
0 s
0 s
0 s 7 s
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content is attributed to HBr and SbBr3 from BFR decomposition and reaction with Sb2O3. We 
observe that the number and size of bubbles increases with time mostly in the inner portion of 
the heated sample. A frame-by-frame inspection shows facile bubble merger, indicating low 
surface tension. The IR heated experiment is ended as the sample starts to move out of the field-
of-view due to either flow or combustion. In the nascent char layer region, there are very few 
bubbles, probably due to deflation through microcracks, though a crack structure to the surface 
was not detected in the dark-field images with the scattering length of 5 µm. Presumably, the 
released SbBr3 will scavenge free radicals to inhibit combustion as noted by Salmeia et al.7, 44-45 
A search for microcracks is recommended by using a range of scattering lengths, i.e., adjusting 
the X-ray energy and the sample to G2 distance.  
          If the UL 94 test is to be improved with X-ray imaging, then clear differences must be 
found between samples that pass the test versus those sample that nearly pass. Figure 3.12 shows 
C and D in absorption and dark-field as gas bubbles and a char layer are formed; a distinction 
among the samples may be possible based on the nascent char layer growth rate. It will be 
necessary to add a sample tracking and heating control. The absorption image provides a method 
for normalizing the dark-field images to a common sample size.50  
3.5 Conclusions 
	  
          The UL 94 vertical burning test is extensively used to evaluate new flame-retardants. In 
summary, we have adapted a variation of this test for X-ray interferometry imaging at a 
synchrotron to acquire absorption, differential phase contrast, and dark-field movies of a test 
burn. For synchrotron safety, the UL 94 methane burner was replaced with either an IR heater or 
a small candle, and limited sample sizes (<0.1 g) were used. The progression of the burn in the 




UL 94 test bars. The movies and static images show many details about effect of the brominated 
flame-retardant and Sb2O3 synergist: flame-retardant particle dissolution, gas-bubbles formation, 
melt flow features, gas bubble growth, coalescence, and disappearance, and formation/stability 
of a protective char layer. 
 
Figure 3.12: Selected movie frames from single-shot interferometry of IR heated samples C and 
D; absorption (top row) and dark-field (bottom row). The growth of the char layer is captured in 
these frames, with D having the thicker layer. The near absence of gas bubbles near the heated 
surface is considered noteworthy and may lead to a metric for flame-retardant effectiveness.   
          A key point of this work is the successful adaption of a practical test, the UL 94 vertical 
burn, into a data-rich imaging experiment, dynamic synchrotron X-ray interferometry. The rich 
data sets have been inspected by a variety of visualization methods: orthoslices through K-edge 
tomography volumes, stacked slices (maximum intensity) of single X-ray energy tomography 
volumes, line probes, volumetric renderings, and synchronized movie frames—absorption, 
differential phase contrast, and dark-field—from X-ray interferometry. 
Sample D dark-field image 
Sample D absorption image Sample C absorption image 










          Single-shot X-ray interferometry is demonstrated as a valuable method for dynamic 
imaging of chemical processes. The advantages include additional image contrast mechanisms 
beyond simple absorption: changes in refractive index and small-angle scattering. One key 
disadvantage is the small field-of-view, which can be addressed, for example, with automatic 
sample tracking systems.  
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CHAPTER 4. STUDY OF BROMINATED FLAME RETARDANT ADDITIVES WITH 
THE UNDERWRITERS LABORATORY 94 BURN TEST, X-RAY K-EDGE 





            One of the newly developed, safe and more environmentally friendly brominated flame 
retardants (BFRs) is GreenArmor®,1 which is studied here in relation to its blending (or 
homogeneity) and performance in a polymer matrix. The bromine composition in GreenArmor® 
is 74.13 wt%. It has a similar structure to polystyrene except for replacement of 3.6 hydrogen 
atoms with bromine atoms in the aromatic ring of benzene.  
          One of the flame retardant systems for polystyrene consists of partially brominated, short 
chains of polystyrene. This material is expected to blend exceptionally well with polystyrene, a 
feature that may be important in its action as a flame retardant. Albemarle Corporation produces 
[-CH2CH(C6H5-xBrx)]n which is sold as GreenArmor®. This material gains effectiveness when 
used with a synergist, antimony(III) oxide (Sb2O3), in a Br:Sb atom ratio of 3:1.2  
          The flame retardant process in GreenArmor® and other flame retardants is complex. The 
proposed action of mechanisms between BFR and Sb2O3 is based on their synergistic reaction of 
forming SbBr3 and HBr as free radical traps in the gaseous phase.3, 4 Sato et al.5 and Ratna6 also 
reported that effectiveness of flame retardant polymeric materials is due to the following 
mechanisms:  
i. dilution between combustible and non-combustible gases 
ii. active radical quenching by halogens 
iii. flammable fuel reduction due to formation of the char layer 




          The Underwriters Laboratories procedure (UL 94 vertical burn test) is applied to assess the 
flammability behavior of flame retarded polymer samples.7 Short burn time, self-flame 
suppression and no flaming polymer drips are good signs for successful flame retardants.7 This is 
a used industrial standard by chemical companies and laboratories for testing flame retardant 
materials or products. 
          The X-ray absorption imaging method is a very effective technique for visualization of 
internal structures of materials in various fields, such as in materials science, medical 
diagnostics, small-animal imaging and more.8-10 It is highly valuable for high X-ray absorbing 
materials, but has a limitation of poor contrast for low X-ray absorbing materials such as 
polymers, biological tissue, and fiber composites.8, 9, 11 Because phase shift values are orders of 
magnitude larger than X-ray absorption values for low absorbing materials; many phase sensitive 
imaging techniques, for example, X-ray grating interferometer, have been developed for phase 
sensitive X-ray imaging methods.8, 9, 11-14 The X-ray grating based interferometry method has 
been explored by Momose et al.15 as a novel and simple imaging method for retrieving the phase 
shift as differential phase contrast (DPC) of phase sensitive samples. In 2005, Momose et al.16 
and Weitkamp et al.8 demonstrated that X-ray grating based interferometry is applicable to 
tomographic data acquisition (3D volumes)10.  
          In addition to absorption and DPC images, dark-field (or small-angle scattering) images 
can also be retrieved from the X-ray grating interferometry method and edge illumination.10, 17-20 
The power of small-angle scattering signals can allow for structural examination at resolutions 
lower than the pixel size of the imaging system.10, 21 This X-ray imaging method is extremely 
useful, because by using fast Fourier transforms,22 it simultaneously generates absorption, DPC 




          X-ray single-shot grating interferometry is a recently developed imaging method that 
consists of X-ray source – absorption grid – detector geometry in which the sample can be 
mounted before or after the absorption grid mask.22, 28 This method is fast and easy to implement 
(relative to phase-stepping X-ray interferometry) and suitable for 2D radiographic and 3D 
tomographic applications.22, 28 
          The objective of this study is to enhance the traditional Underwriters’ Laboratory 94 burn 
test with X-ray imaging methods. While the UL 94 test is practical, it does not provide insight or 
visualizations that can be readily applied to the invention of new flame retardants or the 
optimization of existing systems.  
          We propose that X-ray imaging techniques of post-burn samples reveal some of the action 
mechanisms, or deficiencies encountered with non-optimal formulations. Two X-ray imaging 
methods are used herein on post-burn samples. First, the K-edge absorption imaging uses five to 
seven tomography data sets acquired at X-ray energies spanning Br and Sb K-edges.  Second, 
single-shot X-ray interferometry/tomography is a new method22 used here on static, post-burn 
samples, but has the potential to acquire real-time images28 of a UL 94 test. The new X-ray 
optics used in this work have a limited field of view, restricting the application to static samples. 
The effective imaging results of GreenArmor® obtained herein with interferometry demonstrate 
the value of dark-field and differential phase contrast imaging, modalities that will be operative 
with light-element samples with new generation of flame retardants. In this study, the formulated 
flame retarded polymer bars are burnt for initial flame retardancy assessment, and samples from 
the burnt polymer bars are studied with X-ray imaging methods to visualize the internal 





4.2 Materials and Experimental Methods 
	  
4.2.1 The sample preparation 
           The samples were prepared at Albemarle by combining known weights of BFR, Sb2O3, 
and HIPS and compounding in a ZSK 30 mm twin screw extruder. The test bars were molded on 
a BOY 30A injection molding machine with the dimensions 12.5 cm × 1.3 cm × 0.32 cm (4.9” × 
1/2" × 1/8”). The sample formulations, both wt% and vol% are given in Table 1. Conversion 
from wt% to vol% was based on ρ(HIPS) = 1.04 g/cm3, ρ(Sb2O3) = 5.67 g/cm3, and a calculated 
density of ρ(GreenArmor®®) = 2.30 g/cm3 based on the procedure of Cao.29 The UL 94 tests 
were performed at Albemarle using, as prescribed by the UL 94 procedure,7 a calibrated methane 
flame and a suspended polymer test bar in a chemical hood with ventilation temporarily 
suspended. Burnt samples were cut from the test bars to approximately 2.5 mm in cross-section 
and 4 mm long for X-ray K-edge absorption tomography studies and 1 mm in diameter for X-ray 
single-shot interferometry tomography method.  
Table 4.1: Chemical formulation of flame retarded polymer samples. 
 
 
          In sample G, the formulation of BFR and Sb2O3 is in accordance to formation of SbBr3(g) 
in 1 (Sb) to 3 (Br) atomic ratio respectively. For easy identification, the prime signs are used to 
name the X-ray single-shot interferometry samples (A’, E’, F’ and G’) while number integers are 
used for naming X-ray absorption K-edge samples (A1, E1, F1, G1 and G2). The studied 
samples are cuts from the UL 94 burnt polymer bars (A, E, F and G). Samples G1 and G2 are 
regions of the burnt sample G.  
components formulations in wt%, [vol%] 
A E F G 
HIPS 96, [99.24] 86.75, [93.52] 85.75, [93.26] 82.75, [92.46] 
BFR 0, [0] 13.30, [6.48] 13.30, [6.54] 13.30, [6.72] 




4.2.2 UL 94 Vertical Burn Test 
 
          The Underwriters Laboratories 94 test is one of the standard techniques for testing the 
flammability of polymeric systems.6, 30 Other methods can include limiting oxygen index (LOI), 
cone calorimetry, thermogravimetry (TG), and differential thermal (DT) analysis.6 In this study, 
we apply the UL 94 test, as its diagrammatic representation is shown in Figure 4.1a, to initially 
assess the flame properties of blended polymeric materials. Some samples burn to drip and ignite 
the cotton; some only drip while others burn to the clamp. The flame retardancy failure of 
samples by the UL 94 test is attributed to long time burning, and also to ignition of the 
underneath cotton by flaming drips. 
	  
 
Figure 4.1: Schematic representation of UL 94 vertical burn test (a); X-ray synchrotron K-edge 
absorption tomography (b); and X-ray single-shot grating based interferometry (c). It involves all 
the techniques we explore to study the performance and blending of flame retarded polymer 
composites.  
          Later, samples are subjected to the X-ray imaging methods for better analysis of properties 


















(a) UL 94 vertical burn test (b) X-ray K-edge synchrotron absorption tomography 











4.2.3 X-ray Synchrotron K-edge Tomography 
	  
          In Figure 4.1b, the Louisiana State University Center for Advanced Microstructures and 
Devices synchrotron tomography beamline used a 7 Tesla wavelength shifter to generate X-ray 
flux for a double multilayer monochromator, operated at 12 to 32 keV—typically 12, 15, 17, 25, 
29, and 32 keV with a 3% bandpass. The beam size at the sample was 1.3 mm high and 30 mm 
wide. The sample was mounted on a goniometer with a translation transverse to the beam, 
located on a motor stack consisting of two tilt stages, a vertical translation stage, and a precision 
rotation stage. The sample-to-scintillator distance was 10 mm. The 0.5 mm thick Ce:YAG 
scintillator (Marketech International) was imaged with a 45 mm working distance lens (Optique 
Peter) and a Princeton Instrument PIXIS 2KB CCD. The CCD pixel size was 13.5 µm; combined 
with the nominal 5.4× magnification, the effective pixel size was 2.5 µm. The exposure time was 
set to 2 seconds for a beam current of 120 mA at 12 keV. The typical field of view was 1500 × 
512 pixels, corresponding to 3.75 mm × 1.28 mm. Additional information is discussed in chapter 
3 under experimental section.  
4.2.4 X-ray Synchrotron Single-shot Grating Interferometry Tomography 
 
          Figure 4.1c is the X-ray single-shot grating interferometry applied for tomography data set 
acquisition at Advanced Photon Source, APS 2-BM-B. We mounted a checkerboard phase 
grating of 4.8 µm period, π/2 at 22 keV at the first Talbot distance 306 mm from the scintillator. 
The LuAG:Ce scintillator was imaged with 10× optical magnification and a CoolSNAP K4 
2048×2048 CCD camera with 7.4 µm pixels. The exposure time was 0.55 seconds per projection. 
Projections were acquired from 0° to 180° by 0.12° increments. Reference images (images 
without a sample in the X-ray beam) were collected before the 0° projection and after the 180° 




4.3 Results and Discussion 
 
          The X-ray projections, 2D orthoslices, 3D views, and concentration analysis of samples 
that pass and fail flammability tests are compared and contrasted. Sample G passed with 4 wt% 
Sb2O3 and sample F failed with a formulation of only 1 wt% Sb2O3. In addition, samples A 
(without BFR) and E (without Sb2O3) also had poor flame retardancy. Figure 2 shows samples 
G’ and F’ in three imaging modalities: orthoslices from absorption and dark-field tomography 
volumes, and 2D differential phase contrast projections. This analysis of post-burn samples 
provides a justification for this new, novel experiment of GreenArmor® flame retardancy 
analysis. 
          We observed image differences between a sample that passes the UL 94 burn test and a 
closely related formulation that fails. Fig. 2, columns G’ and F’ show differences in all three 
imaging modalities. Absorption orthoslice: Sample G’ shows, of a field of view of 1.03 mm, a 
region of residual Sb2O3 particles, gas bubbles, and a region of uniform absorption that coincides 
with the char layer seen optically. The absorption image of F’ is uniform; most particles have 
dissolved due to sample heating. The remaining particles are probably Sb2O3, based on 
comparison to samples E’ (GreenArmor® only) and A’ (Sb2O3 only) as shown in the Appendix B 
Figure S1.   
4.3.1 UL 94 and Optical Photos 
 
          Samples E, F and G are formulated with the same wt% BFR, but their calculated vol% 
BFR is slightly different as shown in Table 4.1. This shows the vol% BFR increases with the 
amount of Sb2O3 added to the polymer formulation. For the UL 94 test of samples, the average 
burn time of sample G is 1.94 s while other samples burn more than 25 s, respectively. The short 




sample G. From the chemistry point of view, sample A can burn longer because it lacks BFR and 
Sb2O3 is not a self efficient flame retardant. Samples E and F also show a long burn time due to 
lack or insufficient wt% of synergist (Sb2O3).  
          Figure S2 in the Appendix B shows the optical photos of the cuts of UL 94 burnt samples, 
which are studied for X-ray single-shot grating interferometry. The burnt black region of the 
polymer samples is called a char layer. Sample G’ shows the most dense char layer, a sign of 
good heat absorbing nature, while a glossy surface is observed on sample A’. With only the UL 
94 test, the amount of chemistry information is limited; therefore, we imaged the burnt samples 
using X-ray single-shot interferometry and X-ray K-edge absorption tomography for details of 
their flame retardancy. 
4.3.2 X-ray Single-Shot Interferometry  
 
          The long term goal for single-shot X-ray interferometry is dynamic imaging during a UL 
94 test for both brominated and non-brominated flame retardants. Brominated flame retardants 
are X-ray compatible due to the Br K-edge at 13.4 keV. Light element–boron, magnesium, 
aluminum, phosphorus–based flame retardants have low energy K-edges and are not easily 
detected with absorption X-ray imaging. Herein, we examine GreenArmor®, a brominated flame 
retardant that exhibits exceptional blending with HIPS; it does not form the lumps characteristic 
of other flame retardants, Saytex 8010 and BT-93.31, 32 The exceptional blending makes 
GreenArmor® difficult to detect in a single-energy X-ray experiment. Single-shot X-ray 
interferometry is evaluated as a method for detection of a protective char layer formed by 
GreenArmor® and its synergist, Sb2O3.   
          The new single-shot X-ray interferometer with a unique checkerboard phase grating22 has 




view of only 1 mm. Cutting the sample to fit into this field of view risks damage to the delicate 
char layer. The design energy is at 22 keV; operation at higher energy will reduce the problem of 
phase wrapping at the air-sample interface.	  	  
          X-ray interferometry yields three imaging modalities: absorption, dark-field (or small 
angle scattering) and differential phase contrast (DPC). The absorption image is identical to 
traditional X-ray imaging. The dark-field image can reveal features below detector pixel 
resolution.28 The differential phase contrast shows interfaces by features such as gas bubbles in 
the sample. With sample rotation and acquisition of interferometry-based projections, 3D 
volumes can be generated. In this work, the phase wrapping in the DPC images interferes with 
tomography reconstruction, so only DPC projections are presented. 
          The absorption slice, the dark-field (or small angle scattering) slice and differential phase 
contrast (DPC) projection of samples F’ and G’ are shown in Figure 4.2. The sample 
formulations are listed in Table 4.1; briefly, G is formulated to pass the UL 94 burn test whereas 
F lacks sufficient Sb2O3 and fails, both in burn time and cotton bat ignition.  
          Several features of interest are observed in Figure 4.2. First, gas bubbles are found in G’, 
and are definitively seen in the DPC projection. Such gas bubble formation is not observed in 
samples A’, E’ and F’. Second, char layer is easily recognized in G’ as evident in orthoslices of 
the absorption volumes; the char layer is visible as a layer with constant X-ray attenuation and 
small-angle scattering values. Third, extending into the sample, clear signs of heat are apparent 
with gas bubbles, cracks, and slight variations in X-ray attenuation. The cracks are nicely visible 
in the dark-field orthoslice. We observe that gas bubbles are usually found in the heat affected 
region of the polymer, while there are none in the char layer. The gas bubbles are likely deflated 




is less dissolved in comparison to the GreenArmor®. Distinctive lumps are seen in the 
attenuation image. A speckle structure is seen in the dark-field image, which is attributed to 
incompletely dissolved lumps of Sb2O3. With heat and proximity to the char layer, the Sb2O3 
lumps are observed to dissolve.  
          Sample F’, which fails UL 94, shows little internal structure due to a heat gradient; the 
sample image is a near constant value from the interior to the surface with no sign of a char 
layer, no evidence of dissolution of Sb2O3 lumps, no gas bubbles, and no cracks with possible 
gas flow to the surface. In the UL 94 test, F has a long burn time relative to G. The absence of 
heat effects in the X-ray interferometry images of Sample F’ is attributed to flow of molten 
polymer from the sample in the vertical UL 94 geometry.   
          For future X-ray interferometry experiments with F and G-type samples, i.e., successful 
and nearly successful flame retardants, a large field of view is needed to simultaneously visualize 
the flame, molten surface, and interior, non-heat affected polymer. This work shows that critical 
features of flame retardant performance can be seen in single-shot X-ray interferometry. The 
observation of these features for an exceptionally well-blended BFR suggests useful imaging 
results will also be obtained for other light-element flame retardants. 
          The X-ray absorption volume renderings (in maximum intensity) are shown in Appendix 
B, Figure S3, for particle distribution in the burnt samples. Sb2O3 lumps are relatively observed 
in sample A’ absorption volume rendering in comparison to samples F’ and G’ of the same 4 
wt% Sb2O3.  
4.3.3 X-ray K-edge Absorption Tomography 
	  
          X-ray K-edge absorption tomography provides a concentration distribution within the UL 





Figure 4.2: The 2D absorption and dark-field orthoslices and projections of the differential phase 
contrast images of samples G’ and F’ are presented to show BFR/Sb2O3 blending in polymer 
systems and features of good flame retardancy.   
          Multiple X-ray data acquisitions across Br and Sb K-edges, combined with known density 
and linear X-ray attenuation data for the components, is used to map the X-ray attenuation into 
3D concentration maps. The units are vol% BFR and Sb2O3 but we do recognize that both 
species may be partially decomposed due to heat from the UL 94 test.  Below, we present raw 
data, tomography at 12, 25 and 32 keV, and the 3D concentration volumes. The average vol% 
BFR and Sb2O3 in the 3D volumes are less than in the formulation due to partial combustion of 
the samples. The line probes across char layers show a concentration gradient due to 
consumption of BFR.   
4.3.3.1 Tomography Data from 12 to 32 keV 
 
          At all X-ray energies used, both Br and Sb affect the X-ray absorption. Orthoslices from 
tomography at 12 keV are shown in Figure 4.3. First, sample A1 shows some undissolved Sb2O3 
particles. Later, the 3D concentration volume will be used to assess the fraction of Sb2O3 that 
exists as detectable particles. Sample E1, formulated with only BFR, shows no lumps; this 
indicates that BFR is well dispersed in the polymer and that lumps observed in other images are 

















attributed to undissolved Sb2O3 particles. Sample G1, containing optimal concentrations of BFR 
and Sb2O3, shows a successful char layer. Conversely, sample F1, containing BFR and a minor 
amount of Sb2O3, does not show a successful char layer.   
	  
	  
Figure 4.3: Tomography at 12 keV X-ray for samples containing only Sb2O3 (A1), only BFR 
(E1), BFR and minor Sb2O3 (F1), and optimal concentrations of BFR and Sb2O3 (G1). Lumps are 
attributed to undissolved Sb2O3 particles. The BFR (GreenArmor®) is very well blended in high 
impact polystyrene (HIPS). 
          Figure 4.4 shows maximum intensity stack of 512 absorption slices for tomography data 
acquired at high X-ray energy, 32 keV for A1, F1 and G1 which is above the Sb K-edge and at 25 
keV for E1, the sample without Sb. The excellent homogeneity of BFR in HIPS is shown in 
sample E1. As Sb2O3 concentration increases, particles of Sb2O3 become visible in the order F1 < 
G1 ≈ A1. The stacked slices of average intensity at 32 keV are included in the Appendix B 
Figure S4 with high absorption value in samples G1 and G2. 
4.3.3.2 Concentration Volumes of BFR and Sb2O3  
	  
          The tomography datasets from 12 keV to 32 keV, up to six energies for a sample, were 
fitted by least-squares to a linear model for vol% concentrations of HIPS, BFR, and Sb2O3. The 
mean concentrations and other parameters are given in Table 4.2 and 4.3 for BFR and Sb2O3, 
Air 










respectively. For these partially burnt samples, the mean concentrations are less than the 
formulation, as expected. 
	  
Figure 4.4: At 32 keV X-ray synchrotron energy (samples A1, F1 and G1) and 25 keV (sample 
E1), the stacked slice representative of 2D slices of UL 94 burnt samples display the polymer 
blend constituents at maximum voxel absorption. At maximum absorption, slices do not show 
gas bubbles. 
          In Table 4.2, the difference between formulation and calculated average vol% of BFR (E1 
< F1 < G1 < G2) is useful to support the formation of intense char layer and gas bubbles of a 
successful flame retardant of samples G1 and G2. This results from low concentration vol% in 
the char layer and gas bubbles being used up to quench combustion free radicals. For Sb2O3 
particles (synergist) in Table 4.3, the difference is insignificant for samples (A1, G1 and G2) of 
equal wt%. Both samples G1 and G2 show high standard deviation for the voxel concentrations. 
The high standard deviation in BFR vol% is due to char layer and gas bubbles of low vol% (and 
zero vol% when masked) of partially burnt sample. Because samples E1 and F1 have subtle char 
layers, the standard deviation is less as shown in Table 4.2. For the purpose of assessing the 






are extracted from a previous study and listed in Tables 4.2 and 4.3.32 D3 is composed of 12 wt% 
BFR (Saytex 8010) and 4 wt% Sb2O3.  
Table 4.2: Calculated vol% Concentration of BFR for Samples D3,32 E1, F1, G1 and G2.  
 





E1 6.48 4.97 0.51 
F1 6.54 4.65 0.49 
G1 6.72 4.80 0.86 
G2 6.72 4.58 0.62 
D3 4.34 3.76 0.66 
 
Table 4.3: Calculated vol% Concentration of Sb2O3 for Samples A1, D3,32 F1, G1 and G2.  
 




Std. deviation Maximum 
A1 0.76 0.53	   0.19	   12.27	  
F1 0.20 0.17	   0.16	   1.88	  
G1 0.82 0.59	   0.23	   5.22	  
G2 0.82 0.55	   0.25	   17.38	  
D3 0.83 0.70	   0.39	   14.04	  
 
          Orthoslices from the K-edge chemical concentration measurements show better dispersion 
of BFR (GreenArmor®) relative to the Sb2O3 synergist in the polymer blends, Figure 4.5. The 
dark holes in the BFR vol% slices, samples F1, G1 and G2 are due to an Sb2O3 lump, as shown 
by the bright spots in the corresponding Sb2O3 vol% slice. As observed in Figure 4.6b, Sb2O3 
lumps are observed at a concentration of 0.8 vol% (sample A1), accounting for 11.6% of all 
Sb2O3. The rest is dispersed in the polymer blend. We note that no voxels containing only Sb2O3 
were found; the maximum Sb2O3 concentration found is 17.38 vol% (Table 4.3). 
           Histograms are shown in Figure 4.6 where special attention is used for sample A1. A line 
probe across Sb2O3 particles in sample A1 showed a detectability of 0.8 vol% for visual 
observation of particles in the orthoslices (see Appendix Figure S5). Therefore, the Sb2O3 
histogram in Fig 6b for sample A1 uses 0.8 vol% as a threshold value for estimating the fraction 






Figure 4.5: Selected slices of the burnt samples after K-edge analysis show that BFR 
homogeneity is better than Sb2O3 homogeneity in polymer blends.  
          In A1, 11.6% of all Sb2O3 exists in detectable lumps; the bulk of Sb2O3 is dispersed in the 
polymer matrix below detectability in the Sb2O3 orthoslices. Sample G1 also showed lumps in 
the 12 keV orthoslice and 32 keV maximum intensity image; the histogram shows a similar 
fraction of Sb2O3 concentration above the 0.8 vol% threshold. The observed trend for Sb2O3 
particles in sample G2 is similar to sample G1. Conversely, very few lumps are observed in 
sample F1, and the histogram shows scarcely any voxels with concentrations above 0.8 vol%. No 
lumps are observed for BFR. The histograms for G1 and G2 are different at the low 
concentration, reflecting the larger volume of char in sample G2.  
4.3.3.3 Line Probes in Volumes of BFR and Sb2O3  
 
          For surfaces on the burnt samples that can be identified as a char layer, either through X-
ray or optical images, line probes, Figure 4.7, are used to assess the BFR and Sb2O3 
concentration gradients through the char layer and into the pristine sample. 
E1: BFR vol% 
A1: Sb2O3 vol% F1: Sb2O3 vol% 
F1: BFR vol% 
G1: Sb2O3 vol% 
G1: BFR vol% G2: BFR vol% 





Figure 4.6: Histograms are used to quantify the distributions of BFR and Sb2O3 observed in 
Figure 4.5. The Sb2O3, in sample A1 shows lumps at a threshold ≥ 0.8 vol%, and quantified with 
the gray region. The area of the gray region amounts to only 11.6% of all Sb2O3 in sample A1. 
The BFR is well blended and no lumps were detected. The width of the BFR histogram may be 
caused by tomography ring artifacts. 
           As much as possible, the line probes are perpendicular to the surface through visual 
placement of start and stop points. The start point is at the sample surface, which is easy to locate 
in the X-ray volumes of all samples except G1 BFR vol%, as shown in Figure 4.8 due to low 
char layer concentration.  
          For BFR vol%, samples G1 and G2 exhibit lower concentration in the char layer, 
especially sample G2, from the surface to 0.22 mm. This low vol% is due both to consumption of 
BFR and the preservation of some of the polymer sample as a char layer on the burnt polymer 
surface.  In comparison to G samples, samples E1 and F1 show hardly any char layer. And all 
samples show in the interior a nearly pristine sample–the polymer blend is less affected by heat–
with a high BFR and Sb2O3 vol%. In the Sb2O3 line probe plot, the Sb2O3 lumps cause a high, 
relative standard deviation in all line probes, even with averaging to a radius of 10 voxels. 
Sample F1 was formulated with low Sb2O3 concentration, and this is verified with its line probe 







Figure 4.7: The BFR and Sb2O3 vol% line probes of the UL 94 data sets from sample surface, 
passing through the char layer, and going into the pristine sample. The line probe averages 
concentration to a radius of 10 voxels (25 µm). The roughly 0.22 mm thick char layer is most 
pronounced in BFR for sample G2 and less so for G1. For Sb2O3, the line probes are affected by 
lumps. 
4.3.3.4 Features Observed in the BFR and Sb2O3 Volumes 
	  
          With increased Sb2O3 wt% in sample G1 formulation, unlike samples F1 and E1, more 
features are observed that are correlated with its better flame retardancy. In sample G1, more gas 
bubbles are observed. In samples E1 and F1, only one gas bubble is observed throughout the 
volume analyzed, and no gas bubbles are observed at all in sample A1. In addition to the gas 
bubbles, sample G1 shows a highly visible char layer and a crack, as shown in Figure 4.3. There 
seems to be a connection between cracks and gas bubbles that lead to gas bubble deflation in the 
polymer char layer (see also Figure 4.2). At this point, we infer that the formation of the char 
layer and gas bubbles are necessary factors for a successful flame retardant with a high UL 94 
test rating. All good attributes of a successful flame retardant formulation are exhibited by 
samples G1 and G2. 
          Lastly, in Figure 4.8, we present the volume renderings of BFR and Sb2O3 vol% 












































excellent BFR homogeneity, Figure 4.8 a and d; the Sb2O3 is moderately well dispersed. Figure 
4.8 b, c and e allows comparison of Sb2O3 particles in samples G1, G2 and A1; all have 4 wt% 
Sb2O3 formulation in Table 4.1. The G1 and G2 Sb2O3 lumps are few in number (well dispersed), 
even though the histogram, Figure 4.5b, shows many voxels with concentrations above the 
threshold for visible lump formation, as seen in the Sb2O3 sample A1. This indicates an 
interaction occurs between Sb2O3 and BFR, which leads to more dispersion of Sb2O3 particles. 
 
	  Figure 4.8: The volume renderings show the BFR vol% and Sb2O3 vol% of burnt samples 
respectively. It shows a good dispersion of BFR (GreenArmor®) than the synergist (Sb2O3). By 
comparing Sb2O3 vol% volume renderings, presence of BFR and heat effect enhance the 
dissolution of Sb2O3 particles as shown in samples G1 and G2 unlike sample A1. The bright 







          X-ray imaging methods are still maturing, but are able to offer new insights into flame 
retardant polymers. The K-edge tomography for a Br-Sb system is slow, typically using five to 
seven tomography volumes. The method of single-shot X-ray interferometry/tomography is 
promising, aside from the problem of a small field of view with these newly developed X-ray 
optics. 
          The sample series consisted of a correctly formulated BFR/Sb2O3 sample G and others, 
including sample F with insufficient Sb2O3.  The comparison between burnt samples of F and G 
shows failure to form a char layer in F, but a distinctive char layer in G along with gas bubbles, 
Sb2O3 lumps dissolution, and cracks. The BFR (GreenArmor®) is homogeneously blended in 
HIPS. From an imaging perspective, excellent blending reduces the information content of single 
X-ray energy attenuation images. For example, BFR lump dissolution at the char layer was 
helpful in a study of Saytex 8010,32 a BFR that does form lumps in HIPS.  While K-edge 
imaging can recover concentration information, the method is slow and computationally 
demanding.  Both methods of X-ray imaging (X-ray absorption tomography and single-shot 
grating interferometry) revealed char layer features for this homogenous sample. This bodes well 
for monitoring light-element flame retardants, which are not likely to show up well in attenuation 
imaging. The single-shot X-ray interferometry should be developed into a real-time imaging 
method for enhanced UL 94 testing. 
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CHAPTER 5. BROMINATED FLAME RETARDANTS AND X-RAY 
INTERFEROMETRY: DEVELOPMENT OF IMAGE MODELS FOR THEIR 
PERFORMANCE 
 
5.1 Introduction  
 
          The UL 94 standard test1 for polymer flammability is practical and models a real life 
possibility, a flame on a polymer surface. Yet, the UL 94 test does not reveal the complex 
chemical or physical processes of flame retardancy. In situ imaging, such as X-ray 
interferometry, shows an overwhelming array of structures in burning and post burn samples.2 
Large field-of-view experiments are proposed to correlate the structure observations for two 
types of brominated flame retardants, GreenArmor® and SAYTEX® 8010. Model images for the 
three interferometry modalities are presented in this article revealing features of interest in UL 94 
burnt flame retardant samples.    
          Synthetic polymers such as polystyrene are widely used in our daily life and found in 
electronic devices, furniture, vehicles, and construction materials.3, 4 However, usage is affected 
by inherent flammability, hence the addition of flame retardants is recommended to solve and or 
minimize flammability concerns.5 Two leading brominated flame retardants, based on 
performance, safety and sales, are GreenArmor® and SAYTEX® 8010.  
          Recently, X-ray grating interferometry has been developed as method for retrieving more 
imaging information, adding differential phase contrast (DPC) and dark-field imaging modalities 
to the existing X-ray absorption image.6-10 Grating interferometry is compatible with both 
synchrotron and laboratory X-ray sources.  Medical applications are under rapid development.10-
13 X-ray grating interferometry has applications to non-destructive testing in materials science14 
and has also been used for destructive testing of polymer composites during burn. We are 




flame retardant research. Theoretical contributions to materials science problems often depend 
upon an experimentally-derived model, such as the pore-throat model for flow in porous 
media.15-20 Herein, we develop image-based models for flame retardant protection.   
          First, assessing the flammability of polymeric materials used in electrical devices, 
furnishings, and aircraft is performed with the UL-94 test, limiting oxygen index (LOI), cone 
calorimetry, thermogravimetric analysis (TGA), and differential thermal analysis (DTA).21, 22 
The UL-94 vertical burn test is a fast flammability test method, commonly employed in studying 
the polymer flame inhibition performance. It can provide information about the sample ignition 
time, dripping/melt-flow, and size of the burnt sample remaining, but for more detailed 
information concerning the polymer flammability behavior and homogeneity, we have 
performed X-ray tomography and interferometry imaging experiments of burnt samples. The UL 
94 test was also integrated with the X-ray imaging system to assess flame retardant formulations 
in burning samples.2   
5.2 Materials and Experimental Methods 
 
5.2.1 The sample preparation 
	  
          The seven formulated flame retardant samples, A to G were blended according to Table 
5.1 using two different brominated flame retardants, GreenArmor® and	  SAYTEX® 8010, high 
impact polystyrene (HIPS) and a synergist, Sb2O3. They were conditioned at room temperature 
prior UL 94 burn test. 
5.2.2 The UL 94 vertical burn test 
	  
          This technique was applied to assess the flammability behavior of polymer blends. Those 




classified as V-0 and pass the UL 94 test. The other formulations have ratings of V-1, V-2, or do 
not pass the UL 94 test. 
Table 5.1: The formulations of flame retarded polymer blend bars in wt% and vol%. 
 
Formulation Component: wt%, [vol%] 
HIPS Sb2O3 GreenArmor Saytex-8010 
A 96, [99.24] 4, [0.76] ---- ---- 
B 88, [95.8] ---- ---- 12, [4.18] 
C 87, [95.6] 1, [0.20] ---- 12, [4.22] 
D 84, [94.8] 4, [0.83] ---- 12, [4.34] 
E 86.75, [93.52] ---- 13.30, [6.48] ---- 
F 85.75, [93.26] 1.00, [0.200] 13.30, [6.54] ---- 
G 82.75, [92.46] 4.00, [0.82] 13.30, [6.72] ---- 
 
5.2.3 X-ray grating interferometry/tomography 
	  
          The X-ray experiments were carried out at Louisiana State University Center for 
Advanced Microstructures and Devices (LSU-CAMD) although using a Hamamatsu X-ray tube 
rather than the synchrotron source. Prior synchrotron work had explored the advantages of high-
resolution imaging.2 The laboratory X-ray source easily provides a larger field of field and shows 
how this work may translate into the industrial laboratory. The burnt polymer bar size for the X-
ray ranged from 5 to 7 mm in thickness with a height of ≈14 mm. The thickness was limited to 7 
mm due to high X-ray absorbing constituents, bromine and antimony. The tomography data were 
acquired with sample rotation from 0° to 180° with an angle increment of 2°.  
          The stepped grating interferometer used 12 steps of the G2 analyzer grating with 
increments of 0.48 µm. A reference interferogram was collected every 2 hr. The Pilatus 100K 
detector had a pixel size of 172 µm; in the cone beam geometry, the effective pixel size was 75 
µm. The exposure time ranged from 60 to 80 s. The interferometer was configured in a 
symmetric 3rd Talbot-Lau geometry with 488 mm between G0-G1 and G1-G2 gratings.23, 24, 27-32 




design energy of 35 keV. The tungsten target X-ray tube was operated at 290 µA and 90 kV. The 
discussed grating interferometry in the cone beam33-37 and Talbot-Lau geometry38-41 were used in 
our laboratory X-ray grating interferometry experiments. The interferograms were processed 
with a vectorized least squares procedure.42 
5.3 Results and discussion 
	  
          The traditional flame retardant test as shown in Figure 5.1 was used to assess the 
flammability behavior of various formulations of polymer blends consisting of high impact 
polystyrene, brominated flame retardants and a synergist, Sb2O3. 
 
Figure 5.1: Polymer bar and Bunsen burner for the UL 94 test, which was initially used to assess 
the polymer blend flame behavior before the X-ray imaging methods.  
           We have studied burnt and burning UL 94 samples and find a complex image pattern,2 
which is summarized in this model. The model shows the changes in the interferometry images 
of absorption, DPC, and dark-field for successful and nearly successful flame retardants. The 
images show sign of polymer constituent decomposition during heat, formation of gas bubbles, 
and surface protection due to char layer development. The justification for the model features are 















of view interferometry images obtained with a lab X-ray system. The lab system is similar to that 
used in other materials science and biological applications.23 
          A successful flame retardant is rated V-0 in the UL 94 test, meaning self suppression of 
the flame within a few seconds and complete inhibition of a flaming drip onto a cotton wad. The 
X-ray imaging shows V-0 performance is correlated with, see Figure 5.2, char layer, gas bubbles, 
surface deposits, surface roughness, and layering within the polymer bar. One of the main 
differences between an optimally and insufficiently formulated flame retardant is the char layer 
formation. For samples that exhibit excellent UL 94 test performance, the thickness of the char 
layer is readily visible and high, shown by the X-ray imaging techniques (absorption and dark-
field images). The high flame inhibition performance is also aided by the formation of 
microcracks linked to the gas bubble deflation in the char layer for high energy free radical 
scavenging. 
 
Figure 5.2: Image model of successful and low performance UL 94 burnt flame retardant 
samples. The model shows an increase in the char layer thickness from the low performance to 
optimally formulated samples. Changes in gas bubbles, microcracks, and surface roughness and 
deposits are also observed in the optimally formulated samples. 
          Experimentally, Figures 5.3-5.7 show absorption, dark-field, differential phase contrast 
(DPC) images and line probe plots for six sample formulations spanning the range of flame 
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retardant performance. We start the procedure for reduction of images to a model with the 
absorption images of the pass (V-0) samples, and then we note the changes in the absorption 
images for several low flame inhibition (V-1, V-2, and unrated) samples. In parallel, the dark-
field and DPC images are analyzed similarly, and the features that are different from the 
absorption image model are included in the respective image models. A challenging aspect of 
this procedure is deducing the importance of a feature and then indicating in the model the 
relative prominence of the feature.  Table 5.1 lists the sample formulations for the optimum 
formulations for Sb2O3 with SAYTEX®  8010 (D) and GreenArmor® (G) and other formulations 
with pairwise variations: only BFR (B and E), BFR and minimal Sb2O3 (C and F).   
 
Figure 5.3: Absorption and dark-field volume renderings of burnt samples of B, C, D1 and D2.  
5.3.1 Char Layer 
	  
	  	  	  	  	  	  	  	  	  	  The char layer is the structure that separates pass (V-0) samples D, G from nearly pass 
samples B, C, E and F. All of these samples show a char layer in absorption and dark-field. In 
B C D1 D2 






Figure 5.3 absorption, sample D1 shows reduced X-ray absorption at the burnt tip. In 
quantitative K-edge tomography,2 the BFR and Sb2O3 vol% concentrations were measured 
across the char layer; the concentrations are depleted in the roughly 0.4 mm thick char layer. 
Similarly, Figure 5.4 G2 shows a slight reduction of absorption at the tip and quantitative K-edge 
tomography [ref FR#2] shows G can have a 0.2 mm BFR depleted region. In absorption mode, 
the monochromatic synchrotron images show the change of X-ray absorption much more clearly 
than the broadband X-ray images in Figures 5.3 and 5.4.   
 
  Figure 5.4: Absorption and dark-field volume renderings of burnt samples of E, F, G1 and G2.    
	  	  	  	  	  	  	  	  	  	  In the dark-field images, the char layer is easily observed in Figure 5.4 G1, G2 as a thin 
layer of scattering material covering a large heat-affected volume having less X-ray scattering. 
The char layer in Figure 5.3, D1, D2 is the transparent region, somewhat obscured by X-ray 
scattering from the SAYTEX® 8010 lumps. The char layer surfaces of the pass samples D, G are 
E F G1 G2 






always rough in optical, absorption and dark-field images. Conversely, the nearly pass samples 
C, F are smooth. X-ray interferometry movies of C show the low viscosity of the heated sample.2 
          Prior work shows surface deposits of lumps with high-X-ray absorption,2 presumably 
inorganic bromine and/or antimony solids. These surface deposits are observed in pass samples 
D, G. These surface deposits are suggestive of less flow and lower flame temperatures for the 
pass samples.   
5.3.2 Gas bubbles 
          Gas Hydrogen bromide (HBr) and antimony tribromide (SbBr3) are considered essentially 
important gas bubbles; see Figures 5.5 and 5.6 with ability to quench high-energy free radicals 
inflating material combustion. Flame suppression is achieved through interaction of HBr/SbBr3 
with hydrogen and hydroxyl radicals.5, 22 Our DPC slice images show the formation of gas 
bubbles, mainly in the heat-affected zone, while rarely found in the char layer. This is due to 
their deflation in the char layer, guided by the microcracks. Microcracks are observed in the 
dark-field images, sometimes trapped in burnt samples and connecting a gas bubble to the 
surface (Chapter 4). In the region where gas bubbles are formed, called heat affected region, sign 
of lump dissolution is seen i.e. BFR and Sb2O3 in HIPS decompose leading to formation of gas 
bubbles of hydrogen bromide (HBr) and antimony tribromide (SbBr3).  Movies of heated and 
burning samples show facile merging of neighboring gas bubbles indicating low surface tension 
at the bubble/polymer interface.2 
5.3.3 Microcracks 
          The presence of microcracks is inferred based on the distribution of gas bubbles post burn 
in the DPC images, Figures 5.5 and 5.6, and from X-ray interferometry movies.2 Bubbles are 




mechanism due to a microcrack network. In this work, microcracks are not observed in the 
absorption images, effective pixel size of 75 µm, or in the dark-field, scattering length of 4 µm. 
However, prior work at 0.74 µm effective pixel size and with scattering length of 1.2 µm does 
show cracks in the absorption and dark-field images of G post-burn (Chapter 4). The scattering 
length (d) is defined as 𝑙𝜆 𝑝  where 𝑙 is the sample-to-detector distance, λ is the X-ray wavelength 
and p is the grating.24. 
 
Figure 5.5: Differential phase contrast (DPC) orthoslices of burnt samples B, C, D1 and D2 
showing gas bubbles in the heat affected zone. The gas bubbles have a “shadowed crater 
appearance” where the direction of the shadow is determined by the X-ray interferometer 
configuration. Sample D shows gas bubbles near, but not in, the char layer at the bottom of the 
image. 
5.3.4 Interior pristine polymer 
	  
          In these images, the upper part of the samples shows minor heat affects. There are few gas 
bubbles in the DPC images and lumps of Sb2O3 and SAYTEX® 8010 (BFR) are observed in 
absorption and dark-field. The GreenArmor® flame retardant forms homogeneous blends with 
HIPS as shown by the smooth texture in absorption and dark-field images in the upper part of the 
sample.  
 




5.3.5 Melt flow  
	  
          As shown by both UL 94 burnt sample photos and X-ray imaging volumes and slices, 
samples with insufficient formulations exhibit rapid burn, melt flow, flaming drops, and low 
viscosity. This leads to inability to grow a sufficiently thick char layer for flame suppression. 
Well-formulated samples create a successful char layer and show few melt flow features with 
surface roughness. 
 
Figure 5.6: Differential phase contrast orthoslices of burnt samples E, F, G1 and G2. The smooth 
texture throughout E shows the GreenAmor®/polymer homogeneity. The speckle appearance in 
G1, G2 reveals Sb2O3 lumps.   
5.3.6 Comparison of SAYTEX® 8010 and GreenArmor® flame retardants 
	  
          In Chemically, GreenArmor® is a polymeric BFR while SAYTEX® 8010 is a brominated 
aromatic small molecule. Polymeric BFR is preferred due to better retention within the polymer 
matrix.   Both BFRs have high bromine % composition, 74% and 82%, respectively. X-ray 
imaging clearly shows GreenArmor® forms the more homogenous blend; the UL 94 testing 
shows the X-ray observed SAYTEX® 8010 blend homogeneity is perfectly adequate for good 
flame retardant performance.2 [ref FR#2] Table 5.1 lists the sample formulations for the 




optimum formulations for Sb2O3 with SAYTEX® 8010 (D) and GreenArmor® (G) and other 
formulations with pairwise variations: only BFR (B and E), BFR and minimal Sb2O3 (C and F).   
          In Figures 5.3 and 5.4, absorption volume renderings for SAYTEX® 8010 and 
GreenArmor® only samples, samples B and E, show minor intensity differences.  However, the 
dark-field images of B and E are hugely different, with GreenArmor® showing much less small 
angle scattering, indicative of more homogenous blending. As the Sb2O3 wt% increases across 
the formulations, small angle scattering increases. K-edge tomography shows that discrete lumps 
account for 10% of the added Sb2O32 (Chapter 4). Heat affects SAYTEX® 8010 and Sb2O3 
causing dissolution of small particles and a reduction in the dark-field intensity. The dark-field 
images in Figure 5.3, samples C and D, show growth of a small transparent region between the 
char layer and the pristine sample. The dark-field images in Figure 5.4, samples F and G, also 
show growth of a large region extending from the char layer to the pristine sample, a region 
having reduced dark-field signal but not quite as transparent as in Figure 5.3. In summary, in the 
same region as gas bubble generation and extending into the char layer, the dark-field images are 
showing evidence of SAYTEX® 8010 and Sb2O3 particle dissolution. 
5.3.7 Line probes of dark-field images 
	  
	  	  	  	  	  	  	  	  	  	  Line probes are drawn across the dark-field volumes of successful flame retardants 
(samples D and G) of V-0 rating to demonstrate their variation in dark-field scattering. As shown 
in Figure 7, GreenArmor®  samples (G1 and G2) exhibit higher dark-field scattering in the char 
layer, lower scattering in the heat-affected region and a nearly uniform signal in the interior 
pristine polymer. SAYTEX® 8010 samples (D1 and D2) also show dark-field scattering in the 
char layer, followed by a reduced scattering in the transparent region as shown in Figure 3. This 




affected zone (main region of gas bubbles) and the pristine polymer. Homogeneity of 
GreenArmor® in HIPS is evident with a lower dark-field signal in comparison to SAYTEX® 
8010. Unlike samples G1 and G2, SAYTEX® 8010 samples, D1 and D2, show difference in 
dark-field scattering/signal, which is due to their exposure time variation of 80 s and 60 s 
respectively.  
	  
Figure 5.7: Line probe plots of the dark-field images of optimally formulated D1, D2, G1, and 
G2 of dark-field signal, averaged over a square box 10 pixels on a side, extending from the air-
sample interface, through the char layer, the particle dissolution and gas bubble region, and into 
the pristine sample.  
5.3.8 Image models 
	  
	  	  	  	  	  	  	  	  	  	  The image model summarizes X-ray absorption and dark-field features observed for 
optimal and insufficient formulated flame retardants: lump deposits on the char layer surface, 
microcracks, char layer, gas bubbles, particle dissolution, and the interior pristine polymer. 
Flame retardants achieve flame suppression by physicochemical mechanisms operative in 



























formation of a char layer. The model details the visibility of all of these features. Consumption of 
BFR and Sb2O3 was shown by K-edge tomography in previous studies2 (Chapter 4).  
5.4 Conclusions 
 
          An image model for successful flame retardants is essential for the development of better 
testing methods as well as for theoretical models of the UL 94 test.  The basic structure of the UL 
94 test is practical, but the data yield is currently low, amounting only to a few visual 
observations.  A real-time imaging method such as X-ray interferometry can reveal more features 
in the test, allowing for faster optimization of the flame retardant.  The image model can also 
provide a framework for numerical pyrolysis models, similar to that already used for 1D 
theoretical modeling of cone calorimetry.25, 26 The image model is applicable to high-speed, 
high-resolution single-shot interferometry of a burning sample as performed at a synchrotron as 
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CHAPTER 6. CHEMICAL STUDIES OF BROMINATED FLAME RETARDANTS 




               Synthetic polymers such as high impact polystyrene, polyethylene and polypropylene 
have immense applications in various industrial and home materials such as electronic goods, 
TVs, reconstruction, washing machines, and furniture.1  
             The FEI Quanta 3D FEG scanning electron microscope (SEM) coupled with an energy 
dispersive X-ray spectroscopy (EDS) is used for polymer blend surface morphology, chemical 
elemental analysis and mapping distribution.2 The SEM/EDS can provide chemical analysis of 
region of interest in various flame retarded polymer blends. The EDS spectrum provides 
elemental qualitative and quantitative analysis; the mapping is used to understand the distribution 
of respective elements/components within the polymer blends.3-4 
          The SEM and EDS techniques might be suitable for preliminary analysis of flame 
retardant systems in combination with UL 94 burn test and can also be coupled with the X-ray 
tomography and interferometry imaging methods.  
6.2 Materials and Methods 
	  
          The UL 94 burnt polymer bars of 5 mm in diameter and 14 mm long were made from long 
polymer bars for SEM-EDS experiment by first coating (in the order of 10 nm) with platinum 
plasma in Argon gas using EMS 550X Sputter Coater with a set-up of 0.1 mbar vacuum, 25 mA, 
45 mm under 4 minutes. After coating, they were imaged with a FEI Quanta 3D FEG scanning 
electron microscope operated at 10 kV, in combination with EDS using EDAX Apollo-XL 
detector. The EDS experiment was carried out for elemental identification and mapping of 




6.3 Results and Discussion 
	  
             In this study, our objective is to explore other techniques for analysis of flame retardancy 
of polymer blends. Properties such as surface morphology, elemental distribution, the 
concentration gradient of the burnt polymer blends are studied with techniques such as SEM-
EDS and Raman Spectroscopy. In the previous studies, the K-edge tomography experiment 
demonstrates that the concentration (vol%) of brominated flame retardants (BFRs) and their 
synergist, antimony trioxide (Sb2O3) in high impact polystyrene (HIPS) is low in the char layer 
of good flame retardant as compared to the interior pristine polymer. This is associated with 
polymer burn during the UL 94 test; decompose flame retardant constituents to form gas bubbles 
as radical scavengers.  
6.3.1 SEM-EDS Analysis 
	  
             We explore the SEM-EDS analysis by selecting three (3) regions of the UL 94 burnt 
samples, ranging from the char through the intermediate to the pristine polymer as shown in 
Figure 6.1. The results from SEM-EDS are expected to show interesting features such as 
elemental distribution and concentration within the polymer matrix, which should be in 
agreement with the previous X-ray tomography and interferometry results.  
 
Figure 6.1: The diagrammatic representation of UL 94 burnt polymer bar, this is the approach 
applied for SEM-EDS and Raman analysis. 
 




               Figure 6.2 is the EDS spectrum of elemental analysis for burnt sample E, which shows 
the presence of carbon (C: 0.277), oxygen (O: 0.523), bromine (Br: 1.480) and platinum (Pt: 
2.048). Platinum, Pt, results from the preliminary coating of the sample before the SEM imaging. 
 
Figure 6.2: The EDS spectra of UL 94 burnt sample E (HIPS + BFR) in the char, intermediate 
and pristine regions. 
             Figure 6.3 shows traces of antimony (Sb: 3.604) in sample G. Successful UL 94 
formulated sample G shows high carbon content in the char layer followed by the intermediate to 
the interior pristine. This is opposite to our observations in sample E where the intermediate has 
a high carbon content. This observation can be related to the high carbon content in the char 









































Figure 6.3: The EDS spectra of UL 94 burnt sample G (HIPS + BFR + Sb2O3) in the char, 
intermediate and pristine regions.	  
           Figure 6.3 shows a low Br concentration in the char layer for sample G while Figure 6.2 
shows a high Br concentration in the char layer. As observed in the line probe of K-edge 
absorption tomography, sample G has a lower Br vol% concentration in the char layer in 
comparison to sample E. Sample G shows nearly the same oxygen content in all the three studied 
regions. Low oxygen content is observed in the intermediate zone while the char and pristine 
have about the same content of oxygen in sample E. The counts are low for Sb in sample G.  
          Figure 6.4 shows the elemental distribution of components in sample A polymer blend 
lacking BFR in the formulation. It shows Sb content with other present elements. The Sb 
intensity is apparent, and the carbon content intensity in sample A surface is low in comparison 














































Figure 6.4: The EDS spectra of burnt UL 94 sample A (HIPS + Sb2O3) in the burnt polymer 
surface. 
          Tables 6.1, 6.2 and 6.3 show the concentration distribution of Br (BFR) and Sb (Sb2O3) of 
burnt sample G, E and A. These tables present the elemental distribution of Br and Sb in a 
tabular form for the Figures 6.2, 6.3 and 6.4 respectively.   
Table 6.1: The EDS elemental composition (wt%) across the char layer to pristine in the flame 
retarded polymer (sample G). 
   






C 90.44 86.11 79.28 
O 7.52 7.45 10.80 
Br 1.12 4.91 7.86 

























Table 6.2: The EDS elemental composition (wt%) across the char layer to the interior pristine in 
the flame retarded polymer (sample E) 
 
Elements Char layer, wt% Intermediate, wt% Pristine, wt% 
C 83.33 91.73 83.61 
O 11.68 5.37 12.26 
Br 4.99 2.90 4.13 
  
Table 6.3: The EDS elemental composition (wt%) of sample A in the char layer 
 





            Figure 6.5 shows two SEM images of the burnt polymer bar, representing the char and 
interior pristine. These two images appear differently due to heat effect of the UL 94 burn test. 
The pristine image reveals a smoother surface with a good blending, showing some bright 
particles attributed to Sb2O3. The intermediate SEM image (see in Appendix D Figure S6.1) 
reveals partial decomposition of the blended constituents in a close proximity to the char layer. 
In the char layer, it shows a rough surface due to polymer decomposition. There are holes in the 
char layer surface as a means of enhancement for gas bubbles deflation through space. We are 
unable to observe gas bubble formation in SEM images, but X-ray tomography/interferometry 
has shown their formation during burn test. 
          The carbon content in the burnt polymer blend decreases from the char to the pristine as 




content. The two elements of Br and Sb appear to have low composition in the char layer, with 
an increase in concentration towards the interior pristine (sample G). 
 
Figure 6.5: The SEM char and pristine images of the burnt sample G.  
           By burning the flame retarded polymers, low concentration of elements in the char layer is 
observed, which is due to partial decomposition of BFR and antimony(III) oxide. This results in 
the formation of gas bubbles as radical scavengers. These radicals deflate, especially in the char 
layer to cause a decrease in concentration of BFR and Sb2O3. In pristine polymer, where there is 
less or no decomposition, the polymer blend shows a high concentration of Br and Sb.  
          Figure 6.6 shows the EDS elemental maps in the char layer of sample G. It shows the 
element distribution of C, O, Br and Sb. The map shows more intense color for carbon content 
distribution to support its dominance in the char layer of sample G. This means the char layer is 
also carbonaceous in addition to the low Br and Sb content and can probably act as an insulating 
layer to minimize further pristine decomposition.5 The elemental maps in Figure 6.6 show that 
the very bright lump in the char layer (Figure 6.5) consists of Sb and Br, because the location is 
devoid of C and O with black spots. It is interesting to observe BFR and its synergist have good 
dispersion in the polymer matrix. The EDS maps of intermediate and pristine regions of sample 





ray maps that bromine content largely dominates antimony due to its high wt% in formulation. 
Even though Sb content is low, it shares regions with Br to indicate their affinity in the polymer 
blends.    
 
Figure 6.6: EDS mapping of the char layer showing elemental distribution of C, O, Br and Sb 











          Figure 6.7 is to display the SEM images of samples E and F for the surface morphology of 
the polymer blended constituents. Figure 6.8 shows the EDS mapping concentration of sample F 
intermediate region containing C, O, Br and Sb. The low intensity of Sb content is in agreement 
with low wt% Sb2O3 in polymer formulation.  
 
Figure 6.8: EDS mapping of the intermediate region showing elemental distribution of C, O, Br 
and Sb within the sample F polymer blend.  
6.4 Conclusions 
	  
          The SEM and EDS X-ray maps show good blending of polymer matrices. The X-ray maps 
in the char layer, intermediate and the pristine polymer blends reflect the elemental distribution 
across the polymer blends. We infer that the char layer in burnt sample G (successful flame 
retardant) is dense in carbon content compared to that of burnt sample E (no Sb2O3 in the 
formulation). With high Br content in the char layer of sample E, this indicates decomposition of 
BFR in polymer blend is not as effective without synergist, Sb2O3 for better flame suppression. 
With low Br content in the char layer of sample G, it means improved polymer blend 
decomposition to release gas bubbles for better flame retardancy performance. The BFR 






carbonaceous content of the char layer formation and effective usage of BFR in the char layer 
resulting from the component decomposition. Optimal formulation of BFR and Sb2O3 results in 
high performance flame retardancy of polymer composites. 
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         Seven different sample compositions containing polystyrene, brominated flame 
retardants and antimony(III) oxide were burnt, imaged, reconstructed, visualized and analyzed in 
these studies. With various formulations of these flame retarded polymer blends, the tomography 
enables us to study differences among these samples that exhibit good or low UL 94 burn test 
characteristics. Formulations with appropriate Br:Sb ratio enable formation of SbB3/HBr as gas 
bubbles in polymer blends to attain best V-0 UL 94 rating for passing the flammability test, 
quenching the burning within 10 s, with no flaming drips over the underneath cotton. This result 
is observed in sample D (12 wt% Saytex-8010, 4 wt% Sb2O3 and 84 wt% HIPS) and sample G 
(13.3 wt% Green Armor, 4 wt% Sb2O3 and 82.75 wt% HIPS). Key features such as char layer; 
gas bubble formation, micro-cracks, and dissolution of the flame retardant in the char layer 
regions are used in understanding the efficiency of the brominated flame retardants and 
synergist. The samples that pass the UL 94 test have a thick, highly visible char layer as well 
as an interior rich in gas bubbles. Growth of gas bubbles from flame retardant thermal 
decomposition is noted in the X-ray phase contrast movies as well as an absence of bubbles at 
the burning surface of the polymer; dark-field images after burning suggest a micro-crack 
structure between interior bubbles and the surface. The accepted mechanism for flame retardant 
activity includes free radical quenching in the flame by bromine atoms. 
             The experiments in this dissertation have been summarized in the following orders:  
(a) The X-ray K-edge absorption tomography of heated samples. The absorption tomography 
reveals lack of gas bubbles in the internal structures of sample A (without BFR). The energy 




char layer to the interior pristine polymer. We discover an increase in concentration (vol%) from 
the char layer to the pristine. This low concentration in the char layer indicates use of bromine 
(Br) radicals to quench combustion free radicals in the gaseous state. It also shows samples of 
good formulation have low concentration of BFR-Sb2O3 in the char layer. The char layer 
thickness is also thick in samples of good formulation as shown by the line probes. 
(b) The X-ray phase contrast interferometry tomography of previously burnt samples, which is 
an exploration seeking the optimal combination of synchrotron or laboratory X-ray imaging 
methods for observation of flame retardant performance. Due to chemical composition of BFRs 
and Sb2O3, the previous data acquisition imaging technique was based on X-ray absorption. We 
look at X-ray grating interferometry data acquisition as a result of its excellent ability to provide 
complementary image signals for differential phase contrast (DPC) and dark-field images, 
inaccessible in the conventional synchrotron X-ray absorption tomography. The DPC images 
also show gas bubbles formation, smooth char layer regions and the dark-field images show 
speckles of lumps, and possible micro-cracks.         
(c) We also try to analyze flame retardant performance based on the X-ray phase contrast 
interferometry radiography with in situ burning of samples for movies. We are able to observe 
the development of the gas bubble formation during burning of polymer samples. The number of 
gas bubbles increases as the burning progresses, with these gas bubbles majorly found in the 
interior polymer, without appearance in the burnt char surface. There is also bubble merger in the 
2D radiography movies acquired, thereby, causing the gas bubbles bigger and decrease in 
number with respect to burning. It is a complex imaging technique. However, this 2D single-shot 




rapid and highly useful assessment of successful and nearly successful flame retardants if it can 
be properly implemented.  
               Due to sample size limitation (sample preparation) at the synchrotron X-ray beam, we 
also use X-ray tube source for the X-ray phase-stepping grating interferometry. It has potential 
for imaging large samples, without cutting, unlike the synchrotron. It differentiates polymer 
samples of GreenArmor and Saytex-8010 in terms of homogeneity. It also shows features such 
as lumps, gas bubbles, and char layers. It is affected by low detector resolution.  
             In summary, this experience and exposure provide resources to transform chemical 
studies of complex materials such as polymer blends in the chemical industry. 
7.2 Future Studies 
	  
            The chemical makeup of flame retardants is moving from brominated aromatics to light 
elements (from an X-ray point of view) such as boron, aluminum, nitrogen and phosphorus. 
With the invention of X-ray grating interferometry, which is suitable for light flame retardant 
compounds, we can easily transition from X-ray absorption to X-ray phase contrast 
interferometry imaging strategies. The phase contrast X-ray interferometry tomography is an 
excellent imaging technique for flame retardants containing low Z elements such as Br, Sb, P, 
Al, B and N. As light element flame retardants are introduced, phase contrast methods become 
even more important. This technique offers more merits because it can be non-destructive, easy 
sample preparation, high resolution and detailed 3D volumetric representation of the samples.  
             More studies are to be carried out to improve the X-ray single-shot grating 
interferometry of movies of burning flame retarded samples, because the Bunsen burner or 
candle burns the samples, causing them (those of insufficient formulations) to move rapidly out 




burning samples in the field of view while performing the 2D-imaging. This will lead to 
additional information as regards the number of gas bubbles generation from one sample to 
another. Also, the previous burning sources can be replaced with a less thermal heating source to 
keep the sample in the field of view for a long period of imaging. It will be useful to know the 
number of gas bubbles that are formed in each formulated sample during related UL 94 
burn test treatment. 
             CAMD is recently undergoing an upgrade to increase the X-ray energy flux from 40 to 
70 keV with the Laue-monochromator. This offers opportunities to study more flame retardants 
at higher energies for acquiring radiographic movies and tomography. The phase contrast 
interferometry imaging will be performed at higher energies, eliminating the phase wrap 
effects. The X-ray grating interferometry imaging offers differential phase contrast, dark-field 
and absorption images. This technique can also be coupled with the FT-IR or Raman experiment 
to further confirm the evolution and chemical concentration of gas bubbles in the gaseous phase. 
It is also possible to observe details of the micro-crack development in the char layer at this high 
energy in the interferometry experiments. The high energy interferometry experiments can 
further be extended to the biomedical imaging for the studies of diseases in animals. 
             The nanocomposite flame retardants such as carbon nanotubes (CNTs), clays are 
interesting materials for improving the mechanical, thermal and electrical properties of polymers 
without showing negative effect on their processability.1 They do not possess excellent flame 
retardancy on their own except in combination with other flame retardants.1 Based on this, it will 
be worth doing to study more formulations of polymer blends consisting of brominated flame 
retardants, nanocomposites and or antimony trioxide as well as inorganic materials such as 




function in a gaseous phase,1 adding BFR and Sb2O3 in the polymer blends can improve flame 
retardancy in gaseous phase while synergistically developing protective char layers to preserve 
interior materials. Due to the high-Z of Sb and Br in polymer blends, it is possible to analyze 
BFRs/Sb2O3 using both K-edge absorption tomography and X-ray grating interferometry. 
However, X-ray grating interferometry alone will be more useful for analysis of new generation 
flame retardants of low-Z (such as P, N, Al, B, Mg) elements because of the additional image 
modalities of differential phase contrast and dark-field, which are more sensitive to low 
absorbing materials. Our current experience with BFRs will be an important guide for the studies 
of new generation flame retardants using the novel X-ray grating interferometry methods. 
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APPENDIX A.  ANALYSIS OF FLAME RETARDANCY IN POLYMER BLENDS BY 
SYNCHROTRON X-RAY K-EDGE TOMOGRAPHY AND INTERFEROMETRIC 
PHASE CONTRAST MOVIES 
 
          Fresh polymer test bars used for standard UL 94 vertical burn method have dimension of 
12.5 x 1.3 x 0.32 cubic centimeter. Due to prior detector camera limitations, various cuts of 10 
mm height and 1.2 mm in diameter were made from the burnt test bars for imaging in X-ray 
synchrotron tomography and phase contrast interferometry.   
 
Figure S3.1: An optical image showing char layers and various states of pristine interiors of 
millimeter-sized samples cut from UL 94 test bars. Sample D, having the correct BFR and Sb2O3 
formulation, appears to have the thickest char layer. Sample A, having only Sb2O3, shows the 
most pristine interior; this is attributed to fast burn-off of exterior layers of the sample. Sample A 
does not show gas bubbles; hence the polystyrene is not contributing to gas bubble growth. The 
thickness of the char layer in samples B and C are low and they do appear different from sample 
D.  
 
Figure S3.2: An optical image of sample A, only 4 wt% Sb2O3 formulation and taken from UL-
94 test burn bar show a char layer and a nearly pristine interior. Tomography volumes and 
orthoslices of absorption, dark-field and horizontal with vertical projections of DPC show 












Figure S3.3: An optical image of sample B’, having only 12 wt% BFR formulation and taken 
from UL-94 test burn bar show a char layer and a nearly pristine interior. Tomography volumes 
and orthoslices of absorption, dark-field and horizontal with vertical projections of DPC show 
the char layer as well as an interior region that shows effects of heating, with possible dissolution 
of BFR lumps and the formation of gas-bubbles.  
 
Figure S3.4: An optical image of sample C’’, having 12 wt% BFR and insufficient Sb2O3 
formulation and taken from UL-94 test burn bar show a char layer and a nearly pristine interior. 
Tomography volumes and orthoslices of absorption, dark-field and horizontal with vertical 
projections of DPC show the char layer as well as an interior region that shows effects of 
heating, with possible dissolution of BFR lumps and the formation of gas-bubbles.  
B’: photo
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Figure S3.5: An optical image of sample D, having the correct BFR and Sb2O3 formulation and 
taken from UL-94 test burn bar show a char layer and a nearly pristine interior. Tomography 
volumes and orthoslices of absorption, dark-field and horizontal with vertical projections of DPC 
show the char layer as well as an interior region that shows effects of heating, especially in the 
dissolution of BFR lumps and the formation of gas-bubbles.  
 
 
Figure	   S3.6:	   The	   autoscaling	   inherent	   in	   single	   X-­‐ray	   energy	   imaging,	   as	   for	   these	  
orthoslices	   from	   single-­‐shot	   interferometry,	   can	   lead	   to	   misunderstanding	   of	   chemical	  
distributions.	   Histograms	   of	   the	   K-­‐edge	   imaging	   results	   will	   reveal	   that	   “lumps”	   are	   not	  
















 Figure S3.7: Stacked slice at 12 keV, below the Br edge of sample A1, C1 and D1.  A “stacked 
slice” view (ImageJ) is based on maximum intensity along the viewing dimension. For these 
non-uniform shaped samples, stacked slice provides fast views for preliminary evaluation. The 
stacked slice view emphasizes BFR and Sb2O3 inhomogeneity, though gas bubbles are not seen. 
	  
	  
Figure S3.8: Stacked slice of sample A1, C1, and D1, D2 of maximum intensity at 29 keV. The 
sample B stacked slice is not shown since no data acquired at such X-ray energy due to absence 


















Figure S3.9: Volume renderings of maximum intensity of burnt samples A1, B1 and C1. These 
renderings are to show that BFR dissolution is added with Sb2O3. Improvement in dissolution of 
BFR is noticed with 1 wt% and 4 wt% of Sb2O3 in samples C and D respectively when compared 
to sample B of only BFR 12 wt%.  
Table S3.1: BFR concentration of samples B1, C1, D1 and D3 with mean vol%, standard 
deviation and maximum vol% values computed from K-edge tomography. 
 
 
A1:  Sb2O3vol% B1: BFR vol% C1: BFR vol% D1: BFR vol%
Sample Average Std deviation Maximum 
B1 2.772 0.860 15.053 
C1 3.054 0.802 17.042 
D1 2.779 0.537 6.642 






Figure S3.10: Histogram of Sb2O3 concentration in vol % of sample A1, C1, D1 and D3 
computed from K-edge tomography. The histograms are based on 106 randomly chosen voxels 
within the sample.  At a threshold of 1.4 vol%, fresh/unburnt sample D3 has a fraction of 8.91 in 
lumps. This indicates 91% of Sb2O3 has dissolved in the polymer. 
 
Table S3.2: Sb2O3 Vol% concentration of samples A1, C1, D1 and D3 with mean, standard 
deviation and maximum values computed from K-edge tomography. 
 
 
Sample Average Std. deviation Maximum 
A1 0.536 0.194 10.06 
C1 0.222 0.145 8.70 
D1 0.576 0.209 11.68 






Figure S3.11: K-edge tomography imaging and results for burnt sample D2. (a) A representative 
slice of tomography at 15 keV, above the Br K-edge and (c) the fitted BFR concentration in 
vol%. Areas of high X-ray absorption correspond to high BFR concentration.  (b) A 
representative slice of tomography at 32 keV, above the Sb K-edge and (d) the fitted Sb2O3 
concentration in vol%.  Areas of high X-ray absorption mostly correspond to high Sb2O3 
concentration, though the Br X-ray absorption complicates the image shown in (b). This Figure 
shows some transformations of tomography datasets of BFR and Sb2O3 into separate 
















Figure S3.12: The orthoslice, volume rendering and line probe (radius =10) of unburnt sample 
D3 show the blending and good homogeneity of the flame retardant polymer sample. The 
histogram (Fig. 8, Table S1) shows that the voxel with maximum BFR has less than 30 vol% 
BFR.  Similarly, less than 17 vol% Sb2O3 is found in a voxel for Sb2O3 (Fig. S10, Table S2). The 
above figures are in accordance with histograms and maximum voxel concentrations.  
 
Figure S3.13: A 2D orthoslice (a) with a line probe (radius = 10) to generate graph (c); 3D 
volume rendering (b) are displayed to present concentration gradient across the char layer of 
burnt sample D1. The line probes (c) show low concentration (vol%) in the char layer for both 
BFR and Sb2O3.  
BFR vol %, line probe
















Figure S3.14: A 2D orthoslice (a) with a line probe (radius = 10) to generate graph (c); 3D 
volume rendering (b) are displayed to present concentration gradient across the char layer of 
burnt sample D2. The line probes (c) show low concentration in the char layer for both BFR and 
Sb2O3.  
 
Figure S3.15: Volume renderings for the line probes (radius = 10) for comparing BFR 
concentration in vol% from the air through the char layer and into the interior for burnt B1, burnt 


















          The X-axes (shown in Figure S16) of the burnt samples are mutually registered based on 
the position of 1.5 vol% BFR concentration.  
 
Figure S3.16: Line probes (radius = 10) for comparing Sb2O3 concentration in vol% from the air 
through the char layer and into the interior for burnt A1, burnt C1, burnt D1, burnt D2, and 
pristine D3. The X-axes of the burnt samples are mutually registered based on the position of 1.5 
vol% BFR concentration.  
The single-shot X-ray grating interferometry 
           The checkerboard single-shot interferometry method measures the differential phase shift 
along two directions. In the laboratory coordinate system, we measured DPC (vertical) and DPC 
(horizontal), as shown in Figure S17. In principle, two-directional DPC data can be integrated to 
give a phase shift image. However, phase wrap errors must be corrected before the integration.  
One method for phase wrap correction is based on the gradient of the absorption image; this prior 
information can be useful to locate phase wraps. However, the relatively thick samples, about 2 
mm, combined with the high phase shifts of BFR and Sb2O3 at this low X-ray energy, 22 keV, 


























intrinsic due to the high atomic number elements, Br and Sb. The phase wraps are visible in 
Figure S17 as a speckle pattern in the thick parts of the sample. The verification of DPC 
(vertical) and DPC (horizontal) is made easy by examination of the air-surface interface at the 
very bottom of the sample. In summary, higher energy X-ray imaging is needed to improve the 
quality of the DPC images. Thinner samples are less desirable as it is difficult to sustain a stable 
burn with a thin sample.   
 
Figure S3.17: Phase wraps are shown in selected differential phase contrast (DPC) slices of 
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APPENDIX B. STUDY OF BROMINATED FLAME RETARDANT ADDITIVES WITH 
THE UNDERWRITERS LABORATORY 94 BURN TEST, X-RAY K-EDGE 





Figure S2.1: The 2D absorption and dark-field orthoslices of burnt samples A’ and E’ are 
presented to show BFR and Sb2O3 blending in polymer system. 
 
Figure S2.2: A 1 mm diameter cut obtained from the burnt UL 94 samples A’, E’, F’ and G’ used 





















Figure S2.3: The 3D absorption volume renderings (maximum intensity) of samples A’, E’, F’ 
and G’ that show the lump distribution in the polymer composites. 
 















Figure S2.5: The line probe across Sb2O3 particle shows the detectability threshold of 0.8 vol% 















































Figure S6.1: The SEM image for intermediate region of the burnt sample G. 
 
 
Figure S6.2: The C, O, Br and Sb X-ray maps of sample G intermediate region. The EDS maps 








Figure S6.3: The C, O, Br and Sb X-ray maps of sample G pristine region. The EDS of Br gets 
more intense in the pristine (high vol%), and Sb map contains more particles and less intense in 
comparison to Br map.  
 
 
Figure S6.4: The EDS spectra of UL 94 burnt sample F (HIPS + BFR) in the char, intermediate 






























Figure S6.5: The SEM images of the char layer in burnt samples G and E show high carbon 
































APPENDIX D. WOLFRAM MATHEMATICA PROGRAM FOR CONVERTING K-
EDGE ABSORPTION VOLUMES INTO CHEMICAL CONCENTRATIONS 
 
            This is a wolfram Mathematica program we use for converting the K-edge absorption 


















































































APPENDIX E. RECONSTRUCTION ALGORITHM FOR X-RAY PHASE STEPPING 
GRATING INTERFEROMETRY 
 
          This is the wolfram Mathematica program used for the volume reconstruction of CAMD 
data sets acquired through the X-ray based grating interferometry with the X-ray tube source. 
After the sinogram generation in the Mathematica from the raw images, the MATLAB SIRT 
algorithm is finally applied for the sinograms conversion into absorption, dark-field and 


































































































          Once the sinograms are generated with the written Mathematica program, Matlab written 
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